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ABSTRACT
The Potential Role of Wolbachia as a Defensive Mutualist in the Onchocerca
ochengi Nodule
Rowena Dawn Ellen Hansen
Onchocerciasis (River Blindness) is a continuing major cause of human blindness, skin 
disease and socioeconomic impediment in sub-Saharan Africa and Latin America. An 
estimated 37 million people are infected and a further 89 million are at risk. Human 
onchocerciasis is caused by the filarial nematode Onchocerca volvulus, and is spread by the 
blackfly vector Simulium spp, found in riverine areas, encompassing land which is 
agriculturally valuable. Ivermectin is currently distributed in these areas to control the 
microfilarial stage of the parasite, but adult worm viability is unaffected. Thus, due to the 
long lifespan of the worms (>10 years), treatment regimens must be continued for many 
years. Furthermore, there are signs that ivermectin resistance is emerging.
The bovine filarial parasite Onchocerca ochengi represents the closest phylogenetic relative 
of O. volvulus. In both species, female worms reside in nodules, and continue to reproduce 
for many years whilst surrounded by a milieu of host inflammatory cells and antibodies. In 
addition, both species harbour endosymbiotic bacteria {Wolbachia) which are essential for 
worm survival. Although a metabolic role for these bacteria has been hypothesised, the 
symbiotic mechanisms between filariae and Wolbachia are not fully understood. In the 
filarial nodule, neutrophils are attracted to Wolbachia-vich worms, but if the bacteria are 
depleted via antibiotic chemotherapy, the neutrophils are replaced by eosinophils that 
degranulate on the worm cuticle. However, the specific contribution of eosinophils towards 
filarial death is unresolved.
This study sought to define the role of eosinophils in either the active killing or post-killing 
clearance of Wolbachia-dep 1 eted filariae. In an in-vivo longitudinal study of O. ochengi- 
infected cattle receiving adulticidal regimens of oxytetracycline or melarsomine, 
histopathological analysis of nodules revealed a switch from neutrophils to eosinophils in 
oxytetracycline-treated animals, but not following melarsomine treatment, and quantitative 
reverse-transcriptase polymerase chain reaction (qRT-PCR) demonstrated that viable 
Wolbachia were depleted only by oxytetracycline chemotherapy. Eosinophil degranulation 
increased significantly only in the oxytetracycline group; whereas nodular gene expression 
of bovine neutrophilic chemokines was lowest in this group. Moreover, intense eosinophil 
degranulation was initially associated with worm vitality, not degeneration, while 
transmission electron microscopy (TEM) revealed subsequent cuticular damage in 
Wolbachia<\Q\)\etQ(\ worms. Taken together, these data offer strong support for the 
hypothesis that Wolbachia confers longevity on O. ochengi through a defensive mutualism, 
in which neutrophils attracted to Wolbachia divert a potentially lethal effector response by 
eosinophils.
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1. Review of the literature
1.1. Filarial parasites of human and veterinary importance
Filarial nematodes are a major cause of global morbidity in humans, and the most 
important filarial diseases are onchocerciasis, lymphatic filariasis and loiasis. 
Onchocerciasis (river blindness), caused by Onchocerca volvulus leads to 
debilitating eye and skin pathology, and an estimated 37 million people are currently 
infected (Basanez et al., 2006). Endemic foci of 0. volvulus exist mainly within 
areas of West and Central Africa, although areas of South and Central America are 
also affected. 0. volvulus adults live and breed in subcutaneous nodules, located 
mainly over bony prominences. However, it is the microfilariae that cause the 
significant ocular (Donnelly et al., 1985) and dermal (Murdoch et al, 1993) 
pathological manifestations and associated socioeconomic impact (Evans, 1995), 
which has culminated in an estimated half a million disability-adjusted life-years 
(Mathers et al., 2007). Lymphatic filariasis (or elephantiasis), caused by Wuchereria 
bancrofti and Brugia spp., is prevalent throughout the tropics, and causes pathology 
as a result of damage to the lymphatic system. Pathological sequelae include 
swelling of the limbs (lymphoedema) and scrotum (hydrocoele), culminating in an 
estimated 5.5 million disability-adjusted life-years (Mathers et al, 2007). Loiasis, 
caused by Loa loa, affects millions of people in Central Africa. Ocular pathology 
caused by worm migratory activity under the conjunctiva manifests as pruritus, 
photophobia and sometimes ocular oedema; and Calabar swellings, which are 
usually apparent on the limbs, are associated with localised prutitus and restricted 
joint function (Boussinesq, 2006).
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The most prominent filaria of clinical veterinary importance is the heartworm 
Dirofilaria immitis, which is prevalent worldwide in warm climates, and also 
seasonally in temperate climates (Genchi et al., 2005). D. immitis resides within the 
pulmonary arteries and the right ventricle of infected dogs and cats, causing 
circulatory insult, which leads to congestive heart failure in heavily-infected animals. 
D. immitis is also zoonotic (although the incidence of zoonosis is very low), and as 
worms are usually encompassed within granulomatous ‘coin lesions’ within the 
human lung, they are usually only noticed during routine lung radiography, or at 
post-mortem examination (Gutierrez, 1984).
Many other filariae affect animals but are associated with little or no pathology, and 
whilst they are not considered to be veterinary pathogens, their indirect value as a 
tool for use within comparative research models has enabled the advancement of 
knowledge in important human filarial diseases. Examples are the Onchocerca 
ochengi model of cattle, which is the closest analogue of Onchocerca volvulus (Bain, 
1981); and Litomosoides sigmodontis, which is a natural parasite of the cotton rat, 
but is utilised in mice as a comparative model for onchocerciasis (Allen et al., 2008). 
A common feature of the life cycle of filarial parasites is their host-to-host 
transmission involving arthropod vectors. Lymphatic filariasis is transmitted by 
anopheline and culicine mosquitoes, whilst O. volvidus and O. ochengi share the 
same vector, the blackfly (Simulium spp.); and various species of tabanid flies 
(Chiysops spp.) transmit L. loa. During the lifecycle of filarial worms, microfilariae 
are ingested by their arthropod vector during a blood meal from an infected 
individual, then develop and moult twice within predilection sites specific to the 
filarial type. Infective larvae (L3) are passed onto the skin of the next definitive host 
via the proboscis during subsequent blood meals, where some succeed in entering
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the wound caused by the vector. The L3 continue to develop and moult within the 
new vertebrate host, and mature worms start the process again once they are located 
in their specific niche within the definitive host. The lifecycles of O. volvulus and O, 
ochengi and their commonalities are illustrated in Figure 1.1.1
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Figure 1.1.1. Life cycle of O. volvulus and O. ochengi. Adult female 
worms reside in subcutaneous (O. volvulus) or intradermal {O. ochengi) 
nodules, whilst producing millions of microfilariae (LI). Microfilariae 
migrate to the skin where they are ingested by blackfly vectors taking a 
blood meal from the vertebrate host. Microfilariae develop and moult to 
L2, then L3 over 7 days. Infective L3 are deposited on the skin during 
subsequent blood meals and enter via the bite wound. A and B: 
Transverse sections of female worms in onchocercoma. In (B), note the 
presence of Wolhachia (*) in the lateral hypodermal chords, and 
microfilariae within the paired uteri (arrows). C: presence of 
microfilariae (arrows) in the dermis of an infected individual. D: the 
Simulium (blackfly) vector. Reproduced from J. E Allen et al (2008) Of 
Mice, Cattle, and Humans: The Immunology and Treatment of River 
Blindness. PLoS Neglected Tropical Diseases 2 (4) e217.
4
1.2. The evolution of onchocerciasis control
Early onchocerciasis control consisted of an anti-vectorial strategy (aerial spraying 
of organophosphates in the early 1970s), and this was soon supplemented, then 
superseded by a reliance on anthelminthic drugs [mass donation and distribution of 
ivermectin from 1987 (Merck and Co., Inc)], which is now the only intervention 
used for most onchocerciasis foci in sub-Saharan Africa (Remme, 2004). The work 
of the World Health Organization (WHO), which instigated the Onchocerciasis 
Control Programme (from 1974 - 2002) and then the African Programme for 
Onchocerciasis Control [(APOC) 1995 - ongoing], has been very successful in 
reducing morbidity, since annual Community—Directed Treatment with Ivermectin 
(CDTI) suppresses microfilarial densities in the skin below the level at which they 
cause disease (Remme, 2004; Tielsch and Beeche, 2004).
Although APOC has drastically improved the lives of many thousands of people in 
sub-Saharan Africa, an estimated 37 million people remain infected with O. volvulus 
(Basanez et al., 2006). Ivermectin is not curative; it has only a limited cumulative 
effect on the adult worm and even after treatment for 6 years, most worms are still 
alive and able to reproduce (Klager et al., 1996), and partial repopulation of the skin 
by microfilariae has been reported (WHO 1995). Ivermectin imparts only limited 
effects on embryo genes is: although it kills mature microfilariae effectively, it has 
little effect on earlier stages, allowing continual replenishment of the microfilarial 
load (Hoerauf et al, 2001). In addition, the use of ivermectin in Loa loa endemic 
areas is restricted because of the risk of severe side effects (including fatal 
encephalopathy) in heavily co-infected patients (Garden et al, 1997). Moreover, 
recent studies have reported that following ivermectin treatment within Ghanaian 
communities, some individuals show a minimal interruption of embryogenesis and
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active intra-uterine micro filarial production, followed by a rapid repopulation of the 
skin by microfilariae, providing evidence for emerging ivermectin resistance (Osei- 
Atweneboana et ah, 2011).
Other antifilarial drugs that have been implemented in the treatment of human 
onchocerciasis include diethylcarbamazine (DEC) and suramin. Diethylcarbamazine 
is thought to unmask microfilarial antigens, rendering them exposed to 
immunological attack (Piessens and Beldekas, 1979). DEC exhibits macrofilaricidal 
properties in Wuchereria bancrofti scrotal worm nests, demonstrated by a decrease 
hi the ‘filarial dance sign’ upon ultrasonographic examination (Noroes et ah, 1997). 
However, this study also reported that DEC was only found to be effective against a 
proportion of worms studied (Noroes et ah, 1997). Furthermore, the drug was not 
found to have any long-term macro- or microfilaricidal effects on O. volvulus 
(Albiez et ah, 1988). DEC causes a severe multifaceted syndrome (including 
hypotension, pruritus, fever, adenitis, arthralgia, and tachycardia; collectively called 
the ‘Mazzotti reaction5) in some patients, and the intensity of this may be correlated 
with the microfilarial load (Francis et ah, 1985). Suramin is effective at clearing 
microfilariae and resolving nodules in onchocerciasis patients treated with the WHO 
recommended regimen (Chijioke et ah, 1998), and in O. ochengi it has been shown 
to attain concentrations in nodule tissue that exceed those in skin (Cross et ah, 1997), 
However, suramin is a highly toxic agent with a narrow therapeutic index, and 
causes serious adverse reactions including fatal collapse in some patients; although 
overdosing has been blamed for a proportion of these deaths (Awadzi, 2003). 
Because of the high risk to human health and the unacceptable clinical side effects of 
these drugs, ivermectin has superseded the use of DEC and suramin within affected 
communities today. However, the rediscovery of bacterial endosymbionts Wolbachia
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within filarial species, and the recent realisation of the significance of this bacterium 
in filarial disease manifestation and control, has caused a shift in the focus of disease 
mitigation towards indirect antifilarial therapy using antibiotics.
1.3. The discovery and rediscoveiy of Wolbachia
Wolbachia were first described (as intracytoplasmic bacteria) in the mosquito Culex 
pipientis (Heitig and Wolbach, 1924) and subsequently as unidentified intracellular 
organisms in D. immitis, Brugia pahangi (McLaren et al, 1975), B. malayi (Kozek, 
1977) and O. volvulus (Kozek and Marroquin, 1977) fifty years later. However, it 
was the definitive molecular identification of Wolbachia in D. immitis in the 1990s 
(Sironi et al., 1995), which led to the realisation of the existence of Wolbachia in 
many filarial species (summarised in Table 1.1). This sparked renewed interest in the 
mechanisms of symbiosis, and the possibility of the development of human 
antifilarial therapeutics that work indirectly via the disruption of Wolbachia (Taylor 
and Hoerauf, 1999). It is hypothesised that some filarial species which do not 
harbour Wolbachia, including Loa loa (Buttner et al., 2003; Grobusch et al., 2003), 
O.Jlexuosa (Plenge-Bonig et al., 1995) and Acanthocheilonema viteae (Bandi et al., 
1998) were once infected with Wolbachia, but suffered evolutionary loss along their 
respective lineages (Casiraghi et al., 2004) [Figure 1.3.1 (Bain et al., 2008). This is 
supported by the identification of WolbachiaAiks DNA sequences within the filarial 
genome in the latter two filariae (McNulty et al., 2010). In the phylogenetic tree of 
the order Spirurida, the family Thelaziidae (outside the Filarioidea) and subfamilies 
Setariinae, Oswaldofilariinae and Waltonellinae (within the Filarioidea) are thought 
to have never been associated with Wolbachia (Figure 1.3.1). The practical 
significance of these differences is that it allows the comparison of, for example, the 
immunological responses of hosts infected with Wolbachia-dQ^zndQnt and
7
aposymbiotic filariae within in-vivo and in-vitro systems, and may reveal further 
clues as to the mutualistic functions of Wolbachia.
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Figure 1.3.1. Phylogenetic tree of filariae (and related nematodes) 
overlaid with hypothetical evolution of Wolbachia. Species below the 
dotted line are hypothesised to have been ancestrally devoid of 
Wolbachia, whereas those above the dotted line are either Wolbachia 
replete, or are thought to have suffered secondary loss of Wolbachia 
(outlined in closed boxes). Onchocercinae and Dirofilarinae acquired 
Wolbachia subsequently classified as subgroups C and D. Species 
outlined with a dotted ellipse contain Wolbachia belonging to subgroup 
F. Dark grey shading includes species or genera studied since Casiraghi 
et al., (2004); light grey shading includes previously studies genera. 
Reproduced with kind permission from Bain et al., (2008) Parasite 15, 
pp. 342-348.
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1.4. The distribution of Wolbachia
Wolbachia are maternally transmitted alpha-proteobacteria of the family 
Anaplasmataceae, and are also widespread amongst insects, mites, spiders, scorpions 
and isopods. With an estimated two-thirds of ail arthropod species infected 
(Hilgenboecker et al., 2008), including >10 million insect species (Werren et al., 
2008), Wolbachia are thought to be the most abundant intracellular bacteria genus 
discovered. Wolbachia are transmitted vertically within host eggs, and as males are 
dead-end hosts, the evolutionary success of Wolbachia is attributed to its ability to 
manipulate host reproduction by a variety of mechanisms including feminization 
(Hiroki et al., 2002), parthenogenetic induction (Stouthamer et al., 1990), 
cytoplasmic (sperm-egg) incompatibility (Cl) (Bourtzis et al., 1996), and even male 
killing. Although traditionally described as reproductive parasites of arthropods, 
there is evidence emerging of an evolutionary shift towards Wolbachia mutualism in 
the Californian fruit fly Drosophila simulans, which has experienced a natural spread 
of Wolbachia over the past two decades (Weeks et al., 2007). The shift, directed via 
JTo/frcrc/j/tf-induced Cl, has resulted in a positive change in insect fecundity, so that 
Wolbachia-infected female D. simidans exhibit a ten percent higher rate of egg 
production than uninfected females under laboratory conditions (Weeks et al., 2007).
In filariae, Wolbachia also confer mutualistic properties. Whilst they too are 
vertically transmitted via oocytes within the female host (Kozek, 1977), they do not 
induce a deleterious manipulative effect towards males, or a pathogenic effect 
towards either sex. However, theft mutualistic role is apparent when they are 
removed from their host with antibiotic chemotherapy, as this inhibits larval 
development (Bosshardt et al., 1993), imparts filarial infertility (Hoerauf et al., 1999) 
and eventually causes worm death (Hoerauf et al., 2008; Langworthy et al, 2000).
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The genomic sequencing of the Brugia malayi Wolbachia endosymbiont revealed a 
low density of functional genes compared to other bacteria, and elucidated 
considerable gene loss in metabolic pathways including those for many amino acids, 
biotin and folate (Foster et al., 2005). Reciprocally, B. malayi nuclear genome 
sequencing revealed loss of metabolic pathways for the synthesis of haem, 
riboflavin, and purines (Ghedin et al., 2007), which are retained in the symbiont, 
suggesting that Wolbachia engages in mutual exchange of nutrients with its host 
invertebrate (Foster et al, 2005; Slatko et al., 2010).
1.5. Contribution of Wolbachia to filarial disease
Wolbachia have been shown to contribute to the immunopatho genes is of filarial 
infections, not only during the lifetime of the parasite, but also after its death. For 
instance, in O. volvulus nodules containing live worms, Wolbachia contribute to the 
host neutrophilic response within onchocercomata (Brattig et al., 2001); and they 
cause the chemotaxis of neutrophils in-vitro, evidenced by reduced levels of the 
neutrophil chemoattractant IL-8 and impaired neutrophil chemotaxis in the presence 
of fFo/^flc/z/fl-depleted O. volvulus extracts (Brattig et al., 2001). In lymphatic 
filariasis, the desensitisation of mammalian host innate immunity in response to 
chronic low-level exposure to Wolbachia, via excretory/secretory (E/S) products and 
natural worm attrition, has been proposed to render the immune system vulnerable to 
opportunistic infection (Taylor et al., 2001). Lymphoedema, elephantiasis and 
subsequent dermatolymphangioadenitis are speculated to occur via this immune 
dampening process (Taylor et al., 2001). Indeed, the in-vitiAo desensitization of 
macrophages to extracts of Brugia malayi was shown to be dependent on Wolbachia 
(Turner et al., 2006). Furthermore, the observation of a reduction of plasma vascular 
endothelial growth factors (VEGF) was linked to a reduction in Wolbachia, and
12
preceded the amelioration of lymphoedema in doxycycline-treated lymphatic 
filariasis patients (Debrah et al, 2006).
Dead microfilariae are the primary cause of inflammation in the skin and the eye 
(Hall and Pearlman, 1999; Ottesen, 1995) and specifically, it is the release of 
Wolbachia which triggers innate and adaptive inflammatory responses (Taylor et al., 
2005c). Neutrophils and eosinophils cause ocular pathology during experimental 
injection of filarial antigen into the murine conjunctiva (Kaifi et al., 2001), and it 
was found that Wolbachia directly activate neutrophils which then release cytokines 
and cause ocular pathology (Gillette-Ferguson et al., 2004).
Wolbachia also contribute to pathology after chemotherapy via their release from 
dying worms. In O. volvulus, post-treatment release of Wolbachia into the systemic 
circulation following DEC or ivermectin chemotherapy was found to positively 
correlate with clinical reaction scores and antibacterial peptides, with the highest 
levels of Wolbachia DNA detected (by PCR) following DEC treatment (Keiser et al., 
2002). In addition, ivermectin-treated patients experienced an increase in systemic 
tumour necrosis factor alpha (TNF-a), which also correlated with an increase in 
Wolbachia DNA (Keiser et al., 2002). Wolbachia load was shown to be a significant 
factor in the severity of ocular pathology, as O. volvulus worms responsible for a 
severe form of ocular disease were found to contain higher Wolbachia loads than 
worms that caused the milder form (Higazi et al., 2005).
In patients infected with lymphatic filariasis, severe post-treatment reactions 
correlated with high microfilarial loads and the presence of whole Wolbachia cells in 
blood samples (Cross et al., 2001). Moreover, B. malayi-Wolbachia lipopeptide 
induced neutrophil-mediated keratitis (Turner et al., 2009), similarly to O. volvulus
13
extracts; but this contrasted with Wolbachia-dQp\Q\Q& O. volvulus or the 
aposymbiotic filaria Acanthocheilonema viteae, where the inflammatory response 
was reduced or absent (Saint et al., 2002).
Wolbachia also play a role in the pathogenesis and immune response to infection 
with D. immitis. hx\t\-Wolbachia-smfwQ protein (WSP) antibodies were detected 
after the experimental infection of immunologically naive cats (Bazzocchi et al, 
2000) and naturally infected dogs (Kramer et al., 2005). Importantly, in the latter 
report, the antibodies detected were immunoglobulin G2 (IgG2), indicative of a 
bacteria I-mediated T helper cell (Th) -1-biased response instead of a helminth- 
mediated Th-2 response. Necropsy findings revealed WSP within the lungs, liver and 
kidneys of dogs that had died from their infections (Kramer et al., 2005). 
Accordingly, when D. immitis infected dogs were treated with melarsomine, an 
intense inflammatory reaction within the lungs, together with WSP-positive staining 
similar to untreated controls, was observed (Kramer et al., 2008). In contrast, dogs 
that received a combination therapy of doxycycline and ivermectin had much less 
inflammatory-associated lung pathology and a decrease in WSP staining (Kramer et 
al., 2008), which is to be expected, as this drug combination was found to cause 
optimal Wolbachia depletion in D. immitis (Bazzocchi et al., 2008).
1.6. The continuing search to find effective 2Lnt\-Wolbachia drugs
Although anthelmintics have traditionally been used to treat filarial infections, their 
lack of activity on Wolbachia can sometimes lead to adverse reactions (Hoerauf et 
al., 2003b). When used alone in the treatment of D. immitis, ivermectin did not exert 
mti-Wolbachia properties (Bazzocchi et al., 2008); however its use in combination 
with doxycycline resulted in a complete loss of Wolbachia (demonstrated via anti-
14
WSP staining). Although a depletory effect on Wolbachia was seen in the 
doxycycline only-treated group, the combination exhibited superior micro- and 
macro filar icidal activity compared to either drug used alone, indicating a synergistic 
effect \i.e., one drug potentiating the effect of the other (Bazzocchi et al, 2008),]
Tetracyclines are known to deplete Wolbachia in many filariae including B. pahangi, 
D. immitis (Bandi et al., 1999), L. sigmodontis (Hoerauf et al., 1999) and O. ochengi 
(Langworthy et al., 2000), where worm death in the latter was reported within 9 
months post-treatment. As Wolbachia reside within the hypodermis, which is 
responsible for the production of the cuticle, the ant\-Wolbachia effect of tetracycline 
was considered to exert an indirect effect on the worm cuticle, by blocking the L3 - 
L4 moult (Smith and Rajan, 2000). However, this was contradicted when a 
chemically-modified tetracycline with no antibacterial effects was shown to be more 
potent than conventional tetracycline at blocking the L3 - L4 moult in B. malayi 
cultures (Rajan, 2004).
One limitation when treating filariasis with tetracycline antibiotics is the length of 
treatment required. In O. ochengi, although a short intensive regimen (14 days) of 
oxytetracycline successfully depleted Wolbachia, the effect was only transient, and 
the recrudescence of Wolbachia by 24 weeks post-treatment ensured the continued 
viability of the adult worms. However, treatment with a longer, combined (COM) 
therapy (14 days initially, then monthly for 5 months) was sufficient to cause a 
sustained depletion of Wolbachia and a subsequent macrofilaricidal effect (Gilbert et 
al., 2005). Protracted treatment length is also required for macrofilaricidal effects in 
other filariases. Doxycycline exerts an antibacterial effect on Wolbachia leading to 
worm death in W. bancrofti (Debrah et al., 2007; Hoerauf et al, 2003a; Taylor et al.,
15
2005d), and O. volvulus (Hoerauf et al., 2001; Hoerauf et al., 2003b; Hoerauf et al., 
2000a). With doxycychne chemotherapy, W. bancrofti can be killed within 3-4 
weeks (Debrah et al., 2007), but the treatment length required for O. volvulus is 6 
weeks (Hoerauf et al., 2003a). In D. immitis, prolonged intermittent treatment with 
doxycychne (up to 34 weeks), in conjunction with ivermectin, was found to exert 
complete macro filar icidal and microfilaricidal effects (Bazzocchi et al., 2008). 
Hence, while the tetracycline antibiotics are undoubtedly effective antifilarial drugs 
that constitute a safer, slower-acting chemotherapy via the depletion of Wolbachia 
(that would otherwise contribute to mammalian host pathology), the length of 
treatment required, and their contraindications for use in small children and in 
pregnant and breastfeeding women, limit their application in practice. Despite this, 
the successful implementation of a community-directed delivery of doxycychne in 
an area co-endemic with L, loa (where the use of ivermectin is contra-indicated), 
illustrates that long treatment regimes can be practicable if effective distribution 
systems are established (Wanji et al., 2009).
In-vitro screening of the activity of minocycline on the motility and viability [via 3- 
(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) reduction assay] 
of O. gutturosa demonstrated an enhanced deleterious effect on Wolbachia relative 
to doxycychne (Townson et al., 2006). In addition, when compared to the effects of 
heat treatment on intermittent generations of Trichogramma wasps, minocycline was 
effective against Wolbachia, as evidenced by the interruption of thelytokous 
reproduction (/.<?., where females are produced from unfertilized eggs), a process 
which is dependent on Wolbachia. However, the wasps were never completely 
“cured,, of Wolbachia (as thelytoky recovered after treatment), and the authors
16
reported that variable uptake of minocycline by the insects was the most probable 
explanation (Pintureau et al., 1999).
Rifampicin is a very effective anti-Wolbachia drug as determined by in-vitro 
screening, including adult O. guttnrosa motility scores as an indicator of Wolbachia 
depletion (Townson et al., 2006), and both Giemsa-stained cytospin preparations 
(Hermans et al., 2001) and real-time PCR (Fenollar et al., 2003) in the Aedes 
albopictus (Aa23) mosquito cell line. When used for 2 or 4 weeks in the treatment of 
<9. volvulus in-vivo, rifampicin significantly reduced the Wolbachia load (Specht et 
al., 2008), which remained depleted for 18 months post-treatment in the 4-week 
treatment group; although complete clearance was never achieved (in contrast to 
doxycycline). Combination therapy of rifampicin and doxycycline implemented over 
14 days significantly depleted Wolbachia in the L. sigmodontis mouse model 
(Volkmann et al., 2003), indicating possible synergy via the complementary 
bacteriostatic (doxycycline) and bactericidal (rifampicin) effects.
Azithromycin could not deplete Wolbachia from O. volvulus in patients treated with 
12 mg kg"1 for 5 days (Richards, Jr. et al., 2007), but was found to clear Wolbachia 
from adult B. malayi in-vitro when administered at 100 pg ml"1 for 10 days (Rao and 
Well, 2002). Erythromycin, trimethoprim and sulphamethoxazole were found to 
have no effect on filarial motility in-vitro, and MTT viability assays also suggested 
that these drugs are ineffective against Wolbachia (Townson et al., 2006). Direct 
quantification of Wolbachia using real-time PCR confirmed the inefficacy of 
erythromycin (Fenollar et al., 2003), chloramphenicol and ciprofloxacin (Hoerauf et 
al., 2000b), Penicillin and streptomycin (and the antimycotic amphotericin B) also 
had no deleterious effect on Wolbachia (or host filariae), as demonstrated in-vitro
17
with B. malayi (Rao and Well, 2002). In the Aa23 cell line, ciprofloxacin, ofloxacin 
and levofloxacin were reported to exert bacteriostatic properties, but their minimum 
inhibitory concentrations (MICs) were between 8 and 32 times higher than those of 
doxycycline or rifampicin (Fenollar et al., 2003), In the same study, MICs were also 
very high for gentamicin, thiamphenicol and cotrimoxazole in comparison with 
doxycycline and rifampicin; and penicillin G, amoxicillin and ceftriaxone showed no 
anti- Wolbachia effects whatsoever.
The ongoing search for novel chemotherapeutic targets has recently revealed that 
fosfomycin (Henrichfreise et al., 2009) and globomycin (Johnston et al., 2010) 
deplete Wolbachia in the Aedes albopictas C6/36wp cell line, via the interference of 
the biosynthesis of lipid products required for cell growth. Fosfomycin was found to 
interfere with lipid II biosynthesis, which is required as an intermediate for the 
synthesis of peptidoglycan [PDG (Henrichfreise et al., 2009)]; while the lipoprotein 
signal peptidase inhibitor globomycin was shown to affect the growth of Wolbachia 
in a dose-dependent manner via disruption of lipoprotein biosynthesis (Johnston et 
al, 2010). Although fosfomycin was not as effective at depleting Wolbachia as the 
tetracycline positive control (Henrichfreise et al., 2009), and globomycin had no 
detectable impact on Wolbachia load within B. malayi in vitro as determined by 
qPCR (Johnston et al., 2010), these studies have identified new obligate biochemical 
synthesis pathways within Wolbachia that may constitute novel chemotherapeutic 
targets. A summary of drugs and their effects on Wolbachia and host filariae is 
provided in Table 1.2.
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1.7. The bovine model for onchocerciasis
Molecular phylogenetic studies are consistent with the morphological and biological 
similarities between O. volvulus and O. ochengi (Xie et al., 1994), confirming the 
hypothesis that O. ochengi is the most closely related species to O. volvulus. This 
was originally proposed on the basis of their morphologic similarities [atrophic 
musculature and hypertrophic hypodermis of the adult female filariae of both species 
(Bain, 1981)]. Onchocerca volvulus and O. ochengi also share a common vector, 
Simulium damnosum sensu lato (Wahl et al., 1998a), in which their lifecycles are 
very similar (Figure 1.1.1). Indeed, an intriguing possibility is that the human 
parasite resulted from a host-switch by a subpopulation of the bovine worm, or that 
the two filariae speciated from a common ancestor during the domestication of cattle 
(Bain, 2002).
The integrity of the bovine model of onchocerciasis has been tested and validated via 
many in-vivo, ex-vivo and in-vitro experiments, and subsequently much is known 
about the dynamics of O. ochengi [reviewed in Trees et al (2000)]. Fortunately, 
bovine onchocerciasis is not associated with dermal or ocular disease, and the 
Mazzotti reaction (following DEC treatment) has not been observed in this species. 
The reasons for this are largely speculative, but could be due to lower skin 
microfilarial density (<2 logic lower than exhibited by the human counterpart), or a 
better adapted host response resulting in increased tolerance to infection (Trees et al., 
2000). Thus, extensive longitudinal studies are ethically permissible in this model.
1.7.1. Chemotherapeutic investigations in the O. ochengi model
It has been demonstrated that chemotherapeutic agents do enter the O. ochengi
nodule, and concentrations equivalent to or greater than serum are achieved (Cross et
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al., 1997). Although a reduction in nodule diameter, adult worm numbers or male 
motility could not be achieved with prolonged avermectin chemotherapy 
(Bronsvoort et al., 2005), single or repeated high-dose treatment with ivermectin 
(Renz et al., 1995) and doramectin (Bronsvoort et al., 2005) caused sustained 
abrogation of embryogenesis and accumulation of dead microfilariae in-utero. 
Suramin, ivermectin and the compound 3-[(2-tert-butyl-5-methoxy-l, 3- 
benzothiazol-6-yl) carbamothioylsulfanyl] propanoic acid (CGP-20376) decreased 
skin microfilarial levels (over different timeframes), but in the suramin and 
CGP-20376-treated groups, microfilariae repopulated the skin. However, in the 
ivermectin-treated group, skin microfilarial levels dropped and remained low for the 
duration of the 137-day experiment (Renz et al., 1995). The same study showed that 
although intrauterine microfilariae were pathologically altered in all treatment 
groups, embryogenesis was only completely interrupted in the ivermectin and 
CGP-20376 —treated groups, whereas macrofilarial viability (as determined by MTT- 
formazan reduction assays) was not altered in any of the groups (Renz et al., 1995). 
The arsenical compound melarsomine, and the flubendazole derivative methyl (±)- 
[5-(a-amino-4-fluorobenzyl) benzimidazoI-2-yl] carbamate (UMF-078), were then 
tested in the O. ochengi model, and were indeed found to be macrofilaricidal 
(Bronsvoort et al., 2008; Tchakoute et al., 2006). Unfortunately, UMF-078 is 
considered too toxic for human use; however, these trials provide further support for 
the applicability and relevance of the 0. ochengi model.
When using long-term oxytetracycline therapy for the treatment of dermatophilosis 
in an experimental animal heavily-laden with 0. ochengi nodules, the exciting and 
serendipitous observation was made that onchocercoma diameter gradually
decreased, culminating in radical cure (Langworthy et al., 2000). After further
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research into chemotherapeutic regimens of oxytetracycline, a short intensive 
treatment followed by a prolonged intermittent therapy (combined regimen) was 
found to be macrofilaricidal against O. ochengi, and subsequently this became the 
gold standard for macrofilaricidal chemotherapy in this model (Gilbert et al., 2005; 
Langworthy et al, 2000).
1.8. The genus Onchocerca and the filarial nodule
The genus Onchocerca encompasses approximately 30 species, and with the 
exceptions of O, volvulus and O. lupi, all are parasites of ungulates (Bain, 2002), In a 
minority of filarial species, the adult female worms remain encompassed within 
nodules which are formed either subcutaneously (as in O. volvulus), intradermally 
(as in O. ochengi), or in other anatomical loci (Table 1.1).
A schematic representation of the O. volvulus or O. ochengi archetypical nodule is 
shown in Figure 1.8.1. Within the fibrous capsule, adult female worms reside and 
reproduce (typically one adult female per nodule in O. ochengi, or >1 in O. volvulus), 
Male worms are migratory but visit the nodule to mate. Surprisingly, eosinophils, the 
effector cells most often associated with helminth infections, are never seen in direct 
contact with the filariae; they are scant, and found in the periphery of the cellular 
infiltrate (Wildenburg et al., 1996; 1997). Instead, female worms are surrounded by 
concentric rings of neutrophils in both O. volvulus (Brattig et al., 2001) and O. 
ochengi (Wildenburg et al., 1997), which are found lying directly adjacent to worm 
cuticles. Neutrophil migration towards adult female O. volvulus may be orchestrated 
by its E/S products (Rubio de Kromer et al, 1998), or towards the Wolhachia 
bacteria within the hypodermal chords and uterus of the worm (Brattig et al., 2001). 
Neutrophils are attracted directly by Wolhachia products such as WSP (Brattig,
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2004a), and also indirectly by Wolbachia-m<\\\QS<\ production of cytokines including 
TNF-a and interleukin (IL) -8 from monocytes (Brattig et al., 2001). The 
accumulation of neutrophils around Wolbachia-contnmmg worms may appear to be 
host-protective. However, the fact that the sessile adult worms are capable of 
flourishing for many years in this immunologically peculiar environment, where the 
neutrophils may contribute to a nutrient-rich cyst in which the anterior of the female 
worms is bathed, may indicate that these cells are actually parasite-protective 
(Brattig et al., 2001).
In O' volvulus nodules, it has been observed that those with female worms and 
microfilariae contain more eosinophils than those containing females without 
microfilariae, or just male worms alone (Wildenburg et al., 1996). Dead female 
worms contained within nodules are typically calcified and attract cells of chronic 
inflammation (i.e. macrophages and giant cells) within a lymphocytic infiltrate. Dead 
microfilariae may be associated with giant cells, or encompassed within small 
granulomas where they are typically surrounded by eosinophils, which adhere to the 
degenerating cuticle (Buttner and Racz, 1983). Disintegrating microfilariae may also 
be encased within microabscesses where neutrophils are present (Buttner and Racz, 
1983). In O. ochengi, although there are more mast cells and eosinophils in nodules 
containing microfilariae-producing females, again they are never found adhered to 
the cuticle of adult worms (Wildenburg et al, 1997).
Histological studies of O. flexuosa, a nodule-forming filarial parasite of red deer, 
revealed nodule infrastructure similar to that of O. volvulus and O. ochengi (Plenge- 
Bonig et al., 1995). However, O. flexuosa does not contain Wolbachia and in 
contrast to O. ochengi and O. volvulust the nodules it forms do not contain a
24
neutrophilic infiltrate (Brattig et al., 2001). Instead, O. flexuosa adult worms are 
surrounded by polarised giant cells that attack the cuticle (Brattig et al., 2001; 
Plenge-Bonig et al., 1995) and eosinophils, not neutrophils, are the predominant 
granulocyte observed in the nodule (Wildenburg et al., 1997). Interestingly, in this 
environment, O. flexuosa adult filariae appear to have an average lifespan of only ~1 
year (Plenge-Bonig et al., 1995), in contrast to the 10 years or more reported for 
adult O. volvulus and O. ochengi (Duke, 1968).
Of the non-nodule-forming species, Onchocerca gutturosa is another Wolbachia- 
replete filaria of cattle. Adult worms are typically coiled and found in association 
with the lateral surface of the nuchal ligament (Wildenburg et al, 1997). Live female 
worms are usually surrounded by a 1.0 - 1.5 mm thick inflammatory cell infiltrate 
consisting of macrophages and giant cells in a palisade-like arrangement, followed 
by an outer layer of granulocytes, lymphocytes and plasma cells (Wildenburg et al, 
1997). No cellular reaction has been detected around living male worms. In contrast 
to the nodule-forming filariae, neutrophils are not observed adjacent to the surface of 
the worms; instead they accumulate (together with eosinophils) around the outer 
layer of the cellular infiltrate, leaving a distinct space between the worm and the 
granulocytic periphery (Wildenburg et al, 1997). The surrounding tissue is highly 
vascular, and activated mast cells are present perivasculady and also in the outer 
inflammatory layer, where they are often associated with eosinophils (Wildenburg et 
al, 1997).
Thus, pertinent questions remain about the disparity of granulocytes within 
onchocercomata from different Onchocerca species, and the possible reasons for 
these differences. The apparent pattern of neutrophilic infiltration around nodule-
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forming sessile worms is only seen in those species containing Wolbachia\ and 
eosinophils, the cells most associated with parasitic helminth infections, are 
conspicuously sparse in untreated O. volvulus and O. ochengi nodules.
Figure 1.8.1. (following page): Schematic representation of a cross- 
section of a typical untreated O. ochengi or O. volvulus nodule {A). Inside 
are cross-sections of female (Z)) and male (/?) filariae, migrating 
microfilariae (Mmff) and blood vessels (V), contained within the thick- 
walled capsule (Ca). The adult worms are protected by a cuticle (Cu), 
and internally are flanked by lateral hypodermal cords (LHC) containing 
nuclei (Nu) and Wolbachia (W). The pseudocoelomic cavity contains a 
small gut (G). The adult female worm (D) is distinguishable by the paired 
uteri (U) containing various stages of developing microfilariae (mff); and 
the male (E) is distinguishable by the hypertrophic musculature (Mu) 
required for migration, and testes (T) containing various stages of 
spermatozoa (S). Cellular infiltrates (B) adjacent to adult worms consist 
of many neutrophils (N), with scattered macrophages (M). This contrasts 
with the cellular environment towards the periphery of the nodule (C) 
where there are fewer worm sections. This cellular infiltrate is mixed, 
and consists of giant cells (GC), fibroblasts (F) plasma cells (PC), 
lymphocytes (L), mast cells (MC), eosinophils (E), and (infrequently) 
neutrophils (N). Images of cells were reproduced from the Academy of 
Immunology for Clinicians (copyright-free material) [http://www.aic- 
belgium.net/_en/images-bank-l ]
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1.9. The structure and function of linman and bovine granulocytes
1.9.1. The neutrophil
Neutrophils are the predominant circulating leukocyte in man (60 - 75% of all 
circulating leukocytes), and the second most abundant circulatory leukocyte in 
ruminants and laboratory rodents (~20 - 30%) after the lymphocyte. Following 
differentiation and development from pluripotent stem cells within the bone marrow 
[at a rate of 10n cells per day in the healthy adult (Athens et al., 1961)], mature 
neutrophils are released in to the circulation, where they either reside within the 
circulatory pool, or become sequestered in the micro vasculature (marginal pool). 
After 12 hours in the circulatory system, neutrophils enter the tissue, where in the 
healthy individual, they live for a few days before programmed cell death (apoptosis) 
ensues.
Neutrophils are essential effector cells of the innate immune system. Their primary
function is defined by the toxic substances stored within the vast number of
membrane-bound granules present within the cytoplasm. Early electron microscopy
studies on rabbit neutrophils identified two major types of granules: primary (or
azurophilic) and secondary (or specific) granules (Bainton and Farquhar, 1966),
which are also identified in human neutrophils. Azurophilic granules are larger,
synthesized in the promyelocyte, and contain products which impart antimicrobial
and antiviral effects (e.g. defensins) and cytotoxic properties, such as
myeloperoxidase, lysozyme, cationic antibacterial proteins and acid hydrolases
(Rausch and Moore, 1975). Myeloperoxidase (MPO) is an essential factor in the
respiratory burst mechanism of the neutrophil, catalysing the reaction between
hydrogen peroxide (resulting from the dismutation of superoxide anions) and
intracellular halides to form bactericidal hypohalides, and imparts the green
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colouration to pus. However in bovines, the respiratory burst is influenced by 
arachidonic acid (Aebischer et al., 1993). Lysozyme exerts a lytic action on Gram­
positive bacteria via hydrolysis of the ceil wall PDG (Baggiolini, 1972), but can only 
reach the deeper layer of PDG in the wall of Gram- negative bacteria after 
modification of the outer membrane by other granule products [papain, elastase and 
cathepsin G (Thorne et al., 1976). Bovine neutrophilic granules lack lysozyme 
(Padgett and Hirsch, 1967); however, they were shown to actively ingest 
Staphylococcus aureus, and exert antibody-dependent cell-mediated cytotoxicity in- 
vitro (Roth and Kaeberle, 1981).
Specific granules are smaller and are formed only in the myelocyte. They contain 
lysozyme, lactoferrin, collagenases, gelatinases, histaminases and vitamin B12- 
binding protein, Elastases and collagenase facilitate the migration of neutrophils 
through the extracellular matrix, and can cause tissue injury during inflammation. 
Lactoferrin binds iron necessary for bacterial growth (Paape et al., 2003), and also 
increases neutrophil adherence.
Bovine neutrophils also contain a third type of granule, which is larger, denser, and 
more numerous than the peroxidase-positive azurophil or specific granules, and these 
are released independently of azurophils (Gennaro et al., 1983). ‘Large’ granules 
contain at least two types of the highly bactericidal, cationic polypeptides termed 
bactenecins (Zanetti et al., 1990), which were found to exert potent antimicrobial 
activity in-vifro (Selsted et al., 1992). Bovine neutrophils (and eosinophils) contain a 
PDG recognition protein named bovine oligosaccharide-binding protein; the mature 
protein is stored in the cytoplasmic granules and was found to be microbicidal for
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both Gram-positive and -negative bacteria (where PDG is buried), yeast, and also 
towards bacteria in which PDG was absent (Tydell et al., 2002).
In addition to their predominantly phagocytic role, neutrophils help to perpetuate the 
proinflammatory immune response by the production of TNF-a (Bazzoni et al., 
1991a), IL-1 (Goto et al., 1984), platelet activating factor (PAF) and LTB4, 
(McDonald et al., 1993). They can also produce IL-8 during phagocytosis, 
establishing a positive-feedback mechanism whereby further neutrophils are 
recruited (Bazzoni et al., 1991b). More recently, it was demonstrated that neutrophils 
incubated with T-cells or their cytokines acquired major histocompatibility complex 
(MHC) class II antigens (Hansch et al., 1999), and were able to present antigen to 
T-cells in a MHC class II-restricted manner in both humans (Iking-Konert et al, 
2001) and bovines (Whale and Griebel, 2009). Thus, bovine and human neutrophils 
are similar in their function of bacterial clearance, albeit with subtle mechanistic and 
granule content differences, which are summarised in table Table 1.3.
1.9.1.1. Neutroph H recruitment
The primary role of neutrophils is concerned with first-line defence of the 
mammalian body, and as such neutrophils are the first cells to arrive at a site of 
tissue insult or inflammation. The recruitment and trafficking of neutrophils from the 
marginal pool to the target site, and their interaction with specific membrane 
receptors, requires a sophisticated multifaceted sequence of events (Butcher, 1991). 
The presence of a high concentration of a chemoattractant within an area of the 
vascular endothelium induces the initial and reversible endothelial interaction 
(rolling) via selectins (transmembrane glycoproteins), which may be rapidly 
expressed by Complement 5a [C5a (Foreman et al., 1994)] or histamine (Jones et al,
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1993). Platelet selectins [P-selectins (Burns et al., 1999)] and endothelial selectins 
[E- and L-selectins (Lawrence et al.} 1994) play an important role in tethering 
neutrophils by binding with their counter-ligands P-selectin glycoprotein-1, or 
E-selectin ligand-1, respectively (Diacovo et al., 1996). Firm, non-reversible 
endothelial adhesion follows via the interaction of integrins [neutrophils 
predominantly express the cluster of differention (CD)-18 integrin], which bind to 
intracellular adhesion molecules (ICAM)-l and 2, expressed on the endothelial cell 
surface (Springer, 1990). Subsequent transcellular or paracellular diapedesis enables 
the neutrophil to leave the circulation and enter the tissues (Kvietys and Sandig, 
2001).
1.9.1.2. Chemotaxis and neutrophilic chemokines
Chemotaxis (directional) and chemokinesis (non-directional), describes the 
movement of a granulocyte in the presence of a stimulatory gradient of a chemical 
substance. Classical human neutrophilic chemoattractants include products C3a and 
C5a of the complement cascade (Fernandez et al., 1978), LTB4 (Ford-Hutchinson et 
al., 1980), certain chemokines such as IL-8 (Baggiolini et al., 1989), and N- 
formylmethionyl-leucyl-phenylalanine (fMLP) peptides of bacterial origin 
(Schiffmann et al., 1975).
The fundamental importance of chemotaxis is demonstrated by the success of 
notoriously virulent bacteria. For example, supernatant from Staphylococcus aureus 
cultures was found to abrogate chemotaxis towards C5a and fMLP via the 
downregulation of their neutrophil receptors; however the activity of IL-8 was not 
affected (Veldkamp et al., 2000). Interestingly, bovine neutrophils do not have fMLP 
receptors and thus do not migrate towards this peptide (Brown and Roth, 1991), but
31
during S, aureus mastitic infection, neutrophils were found to migrate towards IL-8 
(Barber and Yang, 1998). In lipopolysaccharide (LPS)-induced mastitis, high 
concentrations of C5a/C5adesArg are present in neutrophil-rich milk; whilst C5a 
present in normal milk may provide the chemoattractant necessary for a baseline 
migration of neutrophils into the non-mastitic udder (Paape et al., 2003).
Chemokines are key mediators of chemotaxis (Baggiolini and Dahinden, 1994; 
Godaly et al., 2001), but also play a role in the process of degranulation, synthesis of 
lipid mediators, and the activation of integrins (Baggiolini et al., 1997; Laudanna et 
al., 2002; Springer, 1994). Chemokines are small (8 - 14 kDa) basic proteins that are 
divided into two main groups based on the position of their first two cysteine 
residues, which are either adjacent (CC chemokines) or separated by a single amino 
acid [CXC chemokines (Zlotnik and Yoshie, 2000)]. Lymphotactin, a C chemokine 
possessing two instead of four cysteines (Kelner et al., 1994), and fractalkine, a 
CX3C chemokine possessing 3 amino acids between the first two cysteines (Bazan et 
al., 1997), are atypical structures. Further division of the CXC chemokines into 
ELR+ and ELR- groups (based on the presence or absence of the tri-amino acid ELR 
motif ‘Glu-Leu-Arg’, which precedes the first cysteine residue at the amino 
terminal), classifies the potent human neutrophil chemoattractants IL-8 (CXCL8), 
growth-related oncogene alpha [GRO-a (CXCL1)], GRO-fJ (CXCL2) and epithelial 
neutrophil activating peptide-78 [ENA-78 (CXCL5)] as ELR+ CXC chemokines. In 
contrast, the ELR- CXC chemokines include SDF-la (CXCL12) and IP-10 
(CXCL10), which act predominantly on lymphocyte populations [reviewed in Gale 
and McColl (1999)].
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Interleukin-8 (8.4 kDa in the human) is potently pro inflammatory and may be 
present in both chronic and acute reactions [reviewed in Hoch et al (1996)]. IL-8 can 
induce neutrophil extravasation (Huber et al., 1991), degranulation (Willems et al., 
1989), and the respiratory burst (Peveri et al., 1988). IL-8 can signal via CXCR1 and 
CXCR2 receptors; however, only the former is specific for this chemokine (Ahuja et 
al., 1996; BaggioHni et al., 1997). IL-8 causes the release of lactoferrin from the 
large granules in bovine neutrophils; this is important in coliform mastitis, as the 
binding of iron by lactoferrin prevents its uptake by Gram-negative bacteria (Paape 
et al., 2003). IL-8 is a major chemoattractant of neutrophils during mastitis, and also 
causes subsequent release of alkaline phosphatase from secondary granules (Paape et 
al., 2003). Recombinant bovine IL-8 attracted neutrophils (but not eosinophils) in a 
dose-dependent manner in-vivo; and in vitro was found to induce neutrophil 
chemotaxis and shape-change (Caswell et al., 1999). More recently IL-8 production 
by endometrial cells in response to metritis caused by bovine herpesvirus has been 
reported (Donofrio et al., 2010); where the authors suggested that the influx of 
neutrophils into the post-partum endometrium may be a novel antiviral mechanism, 
or alternatively may help to curtail secondary bacterial infection.
In humans, the molecular structures of GRO-a and IL-8 are similar, and as such both 
chemokines bind to the CXCR2 receptor (Baggiolini et al., 1997). In-vitro, GRO-a 
and IL-8 have been shown to be equipotent in their neutrophil chemoattractant 
properties (Balentien et al., 1990), although they were also found to be functionally 
distinct, as GRO-a acted indirectly via the induction of IL-8 and TNF-a (Fujiwara et 
al., 2002). GRO a, p and y (CXCL1, 2 and 3, respectively) all bind to the CXCR2 
receptor. In bovines, GRO y has been identified as the primary neutrophil
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chemoattractant of non-mastitic milk, and is secreted from mammary epithelial cells 
within the normal udder (Rainard et ah, 2008).
Epithelial cell-derived neutrophil-activating peptide-78 (ENA-78) is a potent 
chemoattractant and activator of neutrophils, with similar biological properties to the 
GRO family and IL-8 in humans (Walz et al.s 1991). ENA-78 was first shown to be 
secreted from IL-1(3 or TNF-a stimulated epithelial cells (Walz et al., 1991), but is 
also produced by eosinophils (Persson et al., 2003), monocytes (Schnyder-Candrian 
and Walz, 1997) and mast cells (Lukacs et al., 1998). In cattle, the bovine 
homologue of ENA-78 (boENA-78) has been identified (via immunohistochemistry) 
in alveolar epithelial cells from pneumonic bovine lungs, and shown to exert similar 
neutrophilic chemotactic and activation properties when secreted from pulmonary 
monocytes and macrophages in-vitro (Allmann-Iselin et al., 1994)
1.9.2. The eosinophil
Eosinophils serve as multifunctional effector cells of the innate branch of the 
immune system of mammals, and are characterized by their granular uptake of acidic 
dye (eosin). The bilobed nucleus may be partially obscured by granules, which fill 
the cytoplasm and constitute the armoury of the cell. Eosinophils participate in the 
immune response elicited by a broad range of diseases, including allergy, 
inflammatory disorders and viral infections (Phipps et al., 2007), but are perhaps 
most noted for their role in helminthiases, where they exhibit enhanced cytotoxicity 
and release inflammatory mediators (Klion and Nutman, 2004). Eosinophils are 
produced in the bone marrow from myeloid stem cells similarly to neutrophils, and 
undergo differentiation before IL-5-mediated release into the circulation (Collins et
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al, 1995), where they comprise only 1 - 2% of blood leukocytes in humans (Rankin 
et af, 2000), but up to 20% in the adult bovine (Lumsden et al., 1980).
Eosinophils contain distinct granule types, the morphology and constitution of which 
varies between species (Table 1.3), Specific (secondary) granules are first detectable 
within the myelocyte. The distinguishing feature of human and rodent eosinophils is 
a crystalloid core which contains major basic protein [MBP (Miller et al., 1966)]. 
Bovine specific granules contain very low amounts of MBP (Duffus et al., 1980) and 
accordingly, bovine eosinophils lack the crystalline core evident in other species. 
However, they do possess a similar protein that contains relatively high 
concentrations of lysine and thiol, which has been shown to kill juvenile Fasciola 
hepatica in-vitro (Duffus et al., 1980). MBP carries an extreme positive charge, and 
exerts hydrophobic properties associated with cytotoxicity. When in contact with 
biological membranes, MBP increases permeability via modification of the surface 
charge, and binds to anionic domains on cells and parasites, resulting in disruption of 
the lipid bilayer (Wasmoen et al., 1988). The central MBP core is surrounded by a 
matrix, containing the ribonucleases eosinophil cationic protein (ECP) and 
eosinophil-derived neurotoxin (EDN). ECP is also helminthotoxic (McLaren et al, 
1981) and bactericidal via the perforation of the target cell plasmalemma with non- 
selective pores (Gleich and Loegering, 1984; Lehrer et al., 1989). Eosinophil 
peroxidase (EPO), which is involved in the respiratory burst in eosinophils, catalyses 
the oxidation of halides (Agosti et al., 1987), pseudohalides and nitric oxide (Wu et 
al., 1999). Interestingly, bovine eosinophils have been reported to contain up to 5 
times more peroxidase than human eosinophils, and the oxidative burst in bovine 
eosinophils was found to be quantitatively similar to that of bovine neutrophils [(as 
assayed by nitroblue tetrazolium reduction) (Roth and Kaeberle, 1981)].
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Primary granules contain hexagonal Charcot-Leyden crystals that interact with 
lysophospholipases (Ackerman et al.s 2002). They are present in tissues and 
secretions infiltrated by eosinophils and basophils, and are characteristic signs of 
allergy (Dor et al., 1984). Human and rat eosinophils also contain ‘small5 granules, 
which appear to be involved in microendocytosis(Komiyama and Spicer, 1975). 
Small granules contain arylsulphatase B, acid phosphatase and possibly catalase, and 
are upregulated in certain disease states (Parmley and Spicer, 1975).
1.9.2.1. Eosinophil chemotaxis and activation
Similar to neutrophils, eosinophils undergo chemotaxis from the systemic circulation 
via a process of rolling, adhesion and transendothelial migration mediated by 
selectins, integrins and other adhesion molecules (Rothenberg and Hogan, 2006). 
These are up-regulated by the Th-2 cytokines IL-4 (Fukuda et al., 1996) and IL-13 
(Bochner et al., 1995), and the chemokines eotaxin and ‘regulated upon activation, 
normal T cell expressed and secreted5 (RANTES). The cytokine IL-5 increases the 
responsiveness of mature eosinophils to degranulation and respiratory burst (Kita et 
al., 1992) and to chemotaxis mediators. IL-5 acts by binding to specific receptors on 
the surface of B cells and eosinophils, and prolongs the life of the eosinophil via the 
inhibition of apoptosis (Stern et al., 1992). IL-5 together with eotaxin shows 
synergistic properties with respect to the mobilisation of eosinophils from the bone 
marrow pool (Rankin et al., 2000), and when administered intravenously, it acts 
synergistically with intradermally administered eotaxin to facilitate eosinophil 
accumulation in the skin (Collins et al., 1995). In the guinea pig, IL-5 mediates 
localised eosinophil accumulation in-vivo (Collins et al., 1995; Iwama et al., 1992) 
and in-vitro (Coeffier et al., 1991).
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The chemokine eotaxin [8.4 kDa in humans (Rankin et al., 2000)] is a potent, 
selective CC chemokine which is produced by epithelial and endothelial cells, and 
also by eosinophils themselves (Garcia-Zepeda et al., 1996). It binds to the CCR3 
receptor, which is highly expressed on eosinophils, but poorly expressed on 
basophils and Th-2 cells (Rankin et al., 2000), and absent on neutrophils and 
monocytes (Garcia-Zepeda et al., 1996). The murine homologue of eotaxin is also 
directly chemotactic for eosinophils, and is strongly induced in response to 
interferon-y (IFN-y) in-vitro (Rothenberg et al., 1995). In the bovine, recombinant 
eotaxin was found to attract eosinophils in a concentration-dependent manner in 
vifro, but was not found to be of physiological importance in the facilitation of 
eosinophil migration in the ovary (Vogel et al., 2005). This function is instead 
exhibited by RANTES, which was found to be expressed by ovarian macrophages 
and mediates an alternative route of physiological eosinophil chemotaxis during the 
pre-ovulatory period (Aust et al., 1999). Eotaxin upregulates the GDI lb integrin 
subunit, thus enhancing the adhesion of eosinophils to endothelial cells, and 
stimulates the adhesion of eosinophils to human TNFa-activated endothelial cells 
(Burke-Gaffney and Hellewell, 1996). Eotaxin also potently activates the respiratory 
burst in human eosinophils (Eisner et al., 1996).
Eosinophils synthesize, store and secrete RANTES, which in common with eotaxin, 
can cause differential secretion of cytokines (IL-4 but not IL-12) from eosinophils 
via piecemeal degranulation (Moqbel and Coughlin, 2006).
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1.10. Toll-like receptors
To 11-like receptors (TLRs) are conserved from insects to humans (Anderson, 2000), 
with homologues playing a vital role in antifungal immunity in Drosophila 
(Lemaitre et al., 1996). They have been described as key elements of innate 
immunity, where they are critical for the detection of pathogens and the initiation of 
an appropriate immune response (Aderem and Ulevitch, 2000). TLRs are 
prominently expressed in antigen presenting cells, including dendritic cells 
(Kadowaki et al, 2001), macrophages (Underhill et al, 1999), and also granulocytes 
(Hayashi et al, 2003; Nagase et al, 2003). To date, thirteen TLRs have been 
identified (TLR1 - 13) and most of these (a key exception is TLR-3) are expressed 
by human neutrophils (Hayashi et al, 2003); while a smaller subset (TLR-1, 3, 4, 7, 
9 and 10) has been identified in human eosinophils (Mansson and Cardell, 2007; 
Nagase et al, 2003). An overview of the expression of TLRs in granulocytes and 
their respective ligands is presented in Table 1.5.
In-vifro, TLR-2 has been shown to recognise bacterial lipoproteins by directly 
binding to them (Vasselon et al, 2004) and subsequently causing immune 
stimulation such as apoptosis and activation of the respiratory burst (Aliprantis et al, 
1999). TLR-4 recognises lipid A, a component of lipopolysaccharide (LPS) from 
Gram-negative bacteria (Hirschfeld et al, 2000). TLR-5 recognises flagellin and 
TLR-9 identifies bacterial CpG DNA (Akira et al, 2001), but only after 
phagocytosis, as TLR-9 is only expressed in intracellular vesicles (Ahmad-Nejad et 
al, 2002).
An outer membrane protein from Neisseria meningitidis, the TLR-2 ligand PorB, 
was found to specifically induce the recruitment of eosinophils into the peritoneum
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of mice via a Th-2 skewed response, and was suggested for use as a vaccine adjuvant 
where the eosinophilic clearance of helminths is the desired outcome (Burke et al., 
2007). Eosinophils were found to express a greater quantity of TLR-7 than 
neutrophils, which together with TLR-8, was shown to regulate the expression of 
adhesion molecules CDllb and L-selectin, prolonging the survival of and inducing 
superoxide generation in eosinophils (Nagase et al., 2003). TLR-7 was found to 
mediate eosinophil degranulation in-vitro when activated by respiratory syncytial 
virus ssRNA in cultures of murine splenocytes (Phipps et al., 2007).
1.10.1. Toll-like receptors in the bovine
Homologues of all TLRs except TLR-6 have been identified in bovine skin, and the 
most abundant were TLR-4 and TLR-7 (Menzies and Ingham, 2006). TLR-2 and-4 
mRNA was locally up-regulated in tissues collected from mastitic udder quarters, in 
contrast to uninfected quarters removed from the same cow (Goldammer et al., 
2004). Surprisingly, both TLRs were also up-regulated in udders mono infected with 
Staphylococcus aureus, suggesting that even during a purely Gram-positive 
infection, TLR-4 works in tandem with TLR-2 (Goldammer et al., 2004). Although 
they were not isolated in this experiment, neutrophils are the primary cells associated 
with bovine mastitis, thus the increase in TLR-2 and 4 probably occurred in these 
cells.
1.10.2. Toll-like receptors and Wolbachia,
Bacterial proteins can be potent stimulators of innate inflammatory responses 
(Henderson et al., 1996). More specifically, WSP was found to activate neutrophils 
via their TLR-2 and -4 receptors, and in the absence of TLR-4, the inflammatory 
response induced by WSP was diminished (Brattig et al., 2004b). In-vitro, TLR-2
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and -6 receptors recognised Wolbachia-&QV\VQ& diacylated lipoprotein (which was 
dependent on both the lipid and protein moieties) and in-vivo, synthetic Wolbachia 
lipopeptide induced neutrophil-mediated corneal inflammation via TLR-2/6 
pathways in the murine keratitis model (Turner et al., 2009). In the same model, 
TLR-2 was also found to mediate CXC chemokine production by corneal bone- 
marrow derived cells (Gillette-Ferguson et al., 2007). In the mouse chamber model, 
TLR-4 was found to play a role in protective immunity against larval O. volvulus L3, 
but surprisingly, not via a response to Wolbachia (Kerepesi et al., 2005).
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1.11. The immune response to filarial disease
1.11.1. Mechanisms of parasite killing
In general, host responses to helminth infections are remarkably similar (Maizels et 
al., 1993), dominated by a Th-2 response which is characterized by the production of 
IL-4, IL-5, IL-9, IL-10 and IL-13, This milieu leads to eosinophil mobilisation, mast 
cell accumulation and the production of IgE (Macdonald et al., 2002), which acting 
together, can mediate parasite destruction as evidenced with Strongydoides 
stercoralis in-vitro (Rotman et al., 1996). Clearance of gastrointestinal nematodes 
can also occur via IL-13-directed overproduction of mucus (McKenzie et al, 1998).
The human immune response to O. volvulus infection is similarly dominated by 
elevated IgE, a peripheral eosinophilia, and the production of IL-4 and IL-5 by 
peripheral blood mononuclear cells [PBMCs (King and Nutman, 1991)]. Indeed, 
eosinophils have been found to play an essential role in filarial killing by a process 
of chemotaxis, activation and degranulation, causing irreversible damage to the 
surface of the parasite (Greene et al., 1981; Johnson et al., 1991). Eosinophils have 
been implicated in the immobilisation of (9, volvulus L3 in the presence of immune 
serum in-vitro, where they migrated towards the larvae and within hours, formed 
layers in which cell adherence and degranulation occurred, with release of EPO 
(Brattig et al., 1991). Eosinophils were also found to degranulate on or near the 
cuticular surface and cause death of the L3 before completion of their moult in vitro 
(Strote et al., 1990).
Degranulating eosinophils have been observed around damaged or dead O. volvulus 
microfilariae in-vivo (Ackerman et al., 1990), within lymph vessels containing 
degenerating microfilariae (Racz et al., 1982) following treatment with DEC, and
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within lymph nodes of O. volvulus patients following ivermectin treatment 
(Wildenburg et al., 1994). After DEC treatment, both eosinophils and neutrophils 
actively attacked the surface of damaged microfilariae, and the neutrophils released 
granule products such as elastase, MPO and lysozyme; while the eosinophils 
released EPO, which was also considered to contribute towards microfilarial death 
(Gutierrez-Pena et al, 1996). Despite exerting a host-protective role in 
helminthiases, eosinophils can also contribute towards host pathology via tissue 
infiltration and degranulation of non-target-specific cytotoxic granule proteins, as 
observed in some patients with sowda (hyperreactive onchocerciasis) and lymphatic 
ftlariasis (Klion and Nutman, 2004).
In the O. lienalis murine model, T-cell facilitated microfilarial clearance was 
achieved (Carlow et al., 1988), and resistance to re-infection was shown to be Th-2 
dependent (Folkard and Bianco, 1995). Eosinophils were found not only to be of key 
importance (in comparison to macrophages and neutrophils) in facilitating the 
clearance of a primary infection, but also in protective immunity against re-infection; 
and in both cases, IL-5 was critical for mediating these responses (Folkard et al., 
1996). Martin et al. demonstrated IL-5-mediated eosinophilia and immune-mediated 
protection in L. sigmodontis L3-vaccinated BALB/c mice, reporting a reduction in 
incoming larvae by 70% within two days post-infection; the effect of which was 
abolished when using IL-5 knockout mice (Martin et al., 2000b). A similar scenario 
was reported in the mouse chamber model, where immunity to O. volvulus L3 
(implanted in subcutaneous diffusion chambers) was found to be dependent on both 
eosinophils and IgE (Abraham et al., 2004). Incidentally, as murine eosinophils do 
not express IgE receptors, alternative pathways of eosinophil recruitment involving 
complement, or indirect signalling via mast cells were inferred (Mayr et al, 2002).
45
More recently, the complex nature of the immune response toward filarial infection 
has become apparent. Studies of the immunological pathways associated with 
onchocerciasis in cattle have revealed an immune response that is not strongly Th-2- 
biased. After experimental inoculation of L3, the early Th response was non­
polarized, but was followed by down-regulation of initial peaks in both IL-4 and 
IFN-y when the infection reached patency (Graham et al., 2001). In mice and 
humans, T-regulatory (T-reg) cells have been connected with the down-regulation of 
the classical Th-2 pathway (Doetze et al., 2000; Taylor et al, 2005a), and have been 
isolated from the nodules of human patients with few dermatological signs 
(Satoguina et al, 2002). During L3 infection of the B, pahangi mouse model, a T-reg 
response was shown to modulate Th-2 cytokines via the production of IL-10 and 
expression of TGF-|3 mRNA, and this was independent of IL-4 (Gillan and Devaney, 
2005). Furthermore, L. sigmodontis infections reached patency concurrently with 
Th-1 and Th-2 dampening, which was directed by T-reg cells; and the survival of L. 
sigmodontis was attributed to the hypo-responsive state induced by this subset 
(Taylor et al, 2005a).
The role of the recently discovered Th-17 lineage of cells revealed their contribution 
toward the counter-regulation of the T-reg milieu, via the cytokines IL-17, IL-21 and 
IL-23, in patients suffering with filarial lymphoedema (Babu et al, 2009). Th-1 
responses were also significantly enhanced, which accompanied an increased 
expression of TLR-2, 4 and 7 in the neutrophils of these patients (Babu et al, 2009).
Neutrophils are strongly associated with the Th-1 and Th-17 response, and Th-17 
cells are integral in the establishment and maintenance of a range of chronic 
inflammatory diseases [reviewed in Ouyang et al. (2008)]. Th-1 and Th-17 pathways
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are also associated with the up-regulation of vascular endothelial growth factors 
from fibroblasts, which may exacerbate pathology (Numasaki et al, 2004). 
Neutrophils, via release of elastase and other cytotoxic products, contribute towards 
a variety of adverse systemic reactions after routine ivermectin treatment for 
onchocerciasis (Njoo et al., 1993). Neutrophils are also associated with murine O. 
vo/vw/w-s-induced keratitis, where they were found to migrate via binding of platelet 
endothelial cell adhesion molecule [PECAM-1 (Kaifi et al., 2001)]. However, 
neutrophils have also been found to mediate filarial killing. For instance, in the 
presence of immune serum, neutrophils can kill O. volvulus microfilariae (Johnson et 
al., 1991); and in the mouse model, neutrophils also accumulated around L. 
sigmodontis L3 (Martin et al., 2000a).
1.11.2. Filarial mechanisms of immune evasion
The various host immune responses that may counteract filarial infection have been
discussed thus far; however, fundamentally the success of filarial parasites serves as
a marked illustration of the failure of the host to overcome infection. Filariae of all
stages have developed mechanisms of immune evasion to ensure survival. In mice
injected with L. sigmodontis (Le Goff et al, 2000b) and Loa loa (Wanji et al.,
2002), a significant proportion of L3 avoid immune attack by entering lymphatic
vessels. In addition, in-vitro studies on O. volvulus revealed that after moulting, the
distinct cuticular morphology of the L4 stage seems to enable the abrogation of
eosinophil adherence (Brattig et al., 1991; Lustigman et al, 1990). Adult B. malayi
synthesises a glutathione peroxidase (Maizels et al., 2001) to protect its cuticle from
the damaging effects of free oxygen radicals by reducing phospholipid
hydroperoxides (Tang et al., 1994). Vitamin E, an important constituent of the
filarial cuticle recognised as possessing potent antioxidant properties, is acquired by
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filariae from the host’s extracellular fluid (Smith et aL, 1998); and thioredoxin 
peroxidase (TPX), a member of the peroxiredoxin superfamily, protects from 
oxidative stress by detoxifying host hydrogen peroxide. TPX is contained in multiple 
stages of O. volvulus, and may aid in parasite transmission as its expression is greatly 
up-regulated in infective larvae (Lu et al., 1998).
Brugia malayi, W. bancrofti and O. volvulus secrete a homologue of the human 
pro inflammatory cytokine, macrophage migration inhibitory factor (MIF), which is 
capable of inhibiting monocyte and macrophage migration by up to 75%, and 
affecting chemotaxis in an identical way to human macrophage migration inhibitory 
factor [MIF (Pastrana et al., 1998)]. O. volvulus also contains onchocystatin, which 
is thought to modulate cysteine proteases and initiate cellular hyporeactivity via the 
up-regulation of IL-10, which can inhibit cell-mediated responses (Lustigman et al., 
1992).
Apart from the various physical and chemical methods of immune evasion exhibited 
by filarial worms, a unique characteristic that sets the sessile, nodule dwelling 
filariae O. volvulus and O. ochengi apart from other filariae is the neutrophilic 
environment in which the adult worms are bathed throughout their long life. It has 
been previously demonstrated that this highly unusual environment is due to the 
presence of Wolbachia, because after the depletion of the endobacteria from O. 
volvulus via doxycycline chemotherapy, the neutrophilic environment recedes 
(Brattig et al,, 2001). Furthermore, the aposymbiotic, sessile, nodule-forming O. 
flexuosa is never associated with a neutrophilic infiltrate (Brattig et al., 2001) and 
importantly, a much shorter lifespan for this worm has been suggested (Plenge- 
Bonig et al., 1995). However, eosinophils can become activated and will migrate
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towards worms normally replete with Wolbachia if the symbionts are targeted by 
antibiotics. This was elegantly demonstrated in an experiment by Nfon et al, who 
showed that the infiltration of eosinophils into the neutrophilic environment within 
O, ochengi nodules was concurrent with the depletion of Wolbachia in cows 
receiving a non-macrofilaricidal, short intensive regimen (SIR) of oxytetracycline 
(Nfon et ah, 2006). Crucially, following the SIR, Wolbachia recrudesced (Gilbert et 
al., 2005) in synchrony with a reversal of the cellular environment towards the 
heavily neutrophilic milieu. At this time, the eosinophils were excluded once more, 
which suggested that the eosinophils had infiltrated as a result of the neutrophilic 
decline that followed Wolbachia depletion (Nfon et al., 2006). However, although 
eosinophils were seen to degranulate in the vicinity of oxytetracycline-treated 
worms, this happened over a prolonged post-treatment period. Thus, it was unknown 
whether they were performing an active cytotoxic role, or formed part of a secondary 
wound healing response alongside macrophages to clear organic debris after filarial 
death (Nfon et al., 2006).
The gaps in our knowledge regarding the role of Wolbachia in filarial survival are 
worthy of further investigation. It has been hypothesized that Wolbachia may be 
responsible for the long reproductive lifespan of adult worms due to a continuous 
supply of nutritional factors (Slatko et al, 2010). However, it is unknown whether 
Wolbachia play a further role in immune evasion via an ability to skew the innate 
immune response towards a more favourable neutrophilic environment within worm 
nodules, in order to protect the worm host from eosinophil degranulation. This 
fascinating question is the subject of this thesis.
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2. Study approach
2.1. Hypothesis and experimental design
Previous studies could not conclusively determine whether eosinophils are a cause or 
a result of filarial morbidity (Nfon et al.5 2006) This study aims to further test the 
hypothesis that neutrophil accumulation around nodule-dwelling filariae occurs as a 
consequence of Wolbachia, which in a novel example of defensive mutualism, 
confers filarial longevity through immune evasion. Thus, if this hypothesis is correct, 
removal of the neutrophil population (via antibiotic chemotherapy targeting 
Wolbachia) is a necessary precedent for filarial killing by eosinophil degranulation.
A longitudinal ex-vivo study of nodules extirpated from naturally infected 
Cameroonian cattle enabled analysis of chronological changes in Wolbachia 
populations, worm viability and granulocyte dynamics collectively for the first time. 
Cattle were treated with macrofilaricidal regimens of oxytetracycline or 
melarsomine, and nodulectomies were conducted over a 54-week period. Prior 
verification that melarsomine lacked antibiotic effects against Wolbachia was 
determined using an in-viti'o viability study of Wolbachia-mfectQd Aa23 mosquito 
cells. Concurrent in-vitro cell migration assays using purified bovine granulocytes in 
the presence of -replete or -depleted homogenised worm samples were
performed to elucidate direct interactions between Wolbachia and granulocytes.
Ex-vivo changes in nodules were investigated by means of cytological quantification
and differentiation via light and electron microscopy; Wolbachia distribution using
immunohistochemistry; and the quantification of bacterial and filarial viability
indicators [16S rRNA and O. ochengi glutathione S-transferase (Oo-GST)
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transcripts, respectively), alongside bovine cytokine expression (IL-8, IL-5, GRO 
protein family and eotaxin), using qRT-PCR.
2.2. Objectives of the study
• To confirm the transition of the cell population of Onchocerca ochengi 
nodules from predominantly neutrophils, to eosinophils in coincidence with 
m\t\-Wolbachia chemotherapy (oxytetracycline).
• To determine that the cellular transition from neutrophils to eosinophils in O. 
ochengi nodules is specific for antl-Wolbachia (oxytetracycline) 
chemotherapy.
• To verify in an in-vitro system that melarsomine has no direct affect on 
Wolbachia.
• To investigate the specific cytokine signalling responsible for the cellular 
changes related to anti-Wolbachia chemotherapy in the O. ochengi nodule.
• To investigate the process of filarial killing by eosinophils.
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3. Materials and methods
3.1. Evaluation of the effect of melarsomine on the viability of 
Wolbachia
3.1.1. Rationale and experimental design
The Aa23 cell-line, derived from the mosquito Aedes albopictus, is persistently 
infected with Wolbachia pipientis (O'Neill et al., 1997) from the B supergroup. It 
provides an in-vifro system for reproducible experiments involving the systemic 
manipulation of Wolbachia that would not be feasible using filarial cell cultures due 
to their failure to immortalise (Higazi et al., 2004). In addition, a range of drugs has 
been evaluated within this system using Giemsa staining and microscopy (Hermans 
et al., 2001), qPCR (Fenollar et al., 2003), or qRT-PCR (Makepeace et al., 2006). 
Doxycycline exhibits a minimum bactericidal concentration of 0.25 pg mf1 against 
Wolbachia (Hermans et al., 2001) but has no toxic effect on Aa23 cells (Makepeace 
et al., 2006), thus providing an ideal positive control for anti-Wolbachia activity in 
this system. The qRT-PCR assays for rRNA developed by Makepeace et al. (2006) 
have the advantages of detecting only viable (or recently killed) organisms and 
allowing for normalisation against host cell transcripts.
3.1.2. Cell culture and treatment
Stock Aa23 cells in cryopreservation medium (Appendix 12.8.1) were resuscitated 
from liquid nitrogen storage by incubation at 37°C in a water bath until defrosted. 
All subsequent procedures were performed in a laminar flow cabinet. Cells from 
each vial were re-suspended in growth medium (Appendix 12.8.1) in a final volume 
of 5 ml, and centrifuged at 150 g for 10 minutes at 20° C. The supernatant was
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removed and replaced with 5 ml of fresh growth medium, and the cell suspension 
was transferred into a 25 cm2 cell-culture flask (Nunc). The cells were incubated at 
26°C in air, and the medium was replaced after 24 hours to remove cells that failed to 
adhere. Once the cells had reached approximately 80% confluence, they were sub­
cultured by dislodging the monolayer with a cell scraper, diluting the suspension 1/5 
with maintenance medium (see Appendix 12.8.1), and dividing the cells equally 
between new flasks.
Doxycycline hyclate (Fluka) and melarsomine hydrochloride (a kind gift from C. 
Marcato, Merial, Toulouse) were dissolved in ultrapure water and sterilised by 
filtration (0.2 pm). Flasks were treated in quadruplicate at three drug concentrations 
(Table 3.1) and harvested after 3 or 7 days post-treatment. Untreated control cells 
received an equivalent volume of sterile water and were harvested in parallel.
Treatment Concentration (jig ml'1)
Doxycycline hyclate 0.04
0.1
0.25
Melarsomine dihydrochloride 0.04
0.1
0.25
Control (sterile water) 0
Table 3.1 Drug concentrations used during treatment of the Aa23 insect 
cell-line
3.1.3. RNA extraction, cDNA synthesis and qRT-PCR
Aa23 cells were harvested from the flasks and subsequently processed using the
protocol documented in Makepeace et al (2006), with the following modification.
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Prior to cDNA synthesis, contaminating DNA was removed from the RNA by the 
addition of 2 U TURBO DNase in lx TURBO DNase buffer (Ambion) in a final 
volume of 20 \x\, and incubated for 30 minutes at 37 C. The DNase was deactivated 
using 2 [il DNase deactivation reagent (Ambion), which was incubated for 2 minutes 
at room temperature before removal by centrifugation at 10,000 g for 90 seconds.
Quantitative RT-PCR reactions for Wolbachia 16S rRNA and A. albopictus 18S 
rRNA were conducted on a MiniOpticon Real-Time PCR Detection System 
(Bio-Rad) using custom primers [www.biomers.net (Ulm, Germany)] and 
oligonucleotide standards (Sigma) based on nucleotide sequences detailed in 
Makepeace et al (2006). Samples were assayed at several concentrations to ensure 
that copy numbers were interpolated from the central region of the standard curves, 
using reaction conditions as previously reported (Makepeace et al., 2006). In 
parallel, no-template control (nuclease-lfee water) and reverse transcriptase (RT)- 
negative samples were run to confirm the specificity of the assays. The values for 
RT- reactions were negligible (<1 copy) in 83% of cases; for the remaining samples, 
the RT+ copy numbers were corrected by subtraction of the corresponding RT- value 
prior to statistical analysis.
3.1.4. Statistical analysis
Statistical analysis was conducted using PASW statistics version 17 software (SPSS 
Inc., Chicago, IL, USA). Data were normalised by logio transformation, and 
Kolmogorov-Smirnov tests (with exact significance) were used to confirm that the 
transformed data did not deviate significantly from a normal distribution. A full 
factorial general linear model (GLM) was employed using type III sum-of-squares 
and an intercept, with drug and concentration as fixed factors. Post-hoc analyses
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were performed for drug and concentration using Dunnett’s post-hoc /-test (two- 
tailed), defining a drug concentration of zero as the reference control group.
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3,2. In vivo experiment
3.2.1. Animal sourcing and experimental conditions
All procedures performed on cattle in Cameroon were equivalent to those previously 
authorised by a Home Office Project Licence [Animals (Scientific Procedures) Act 
1986] for experimental infections of cattle in the UK, and classified under the 
severity limit of‘mild’.
The experiment was carried out at the IRAD Regional Centre at Wakwa, 
Ngaoundere, North Cameroon; a cattle farming area of Guinea Savannah forming 
part of the Adamawa Province. In this area of Cameroon, the prevalence of bovine 
onchocerciasis is geographically patchy (Wahl et al., 1998b). Within the Adamawa 
Plateau, areas close to the fast-flowing River Vina (a significant breeding site for 
Simulium damnosum) have a high prevalence of O, ochengi\ and cattle grazed on 
pasture at this site are exposed to up to 400 L3 per day (Wahl et al., 1998a) during 
optimal conditions (i.e,, the dry season). Conversely at IRAD, located some 10 km 
from the River Vina, the prevalence of O. ochengi and its transmission potential are 
negligible (Tchakoute et al,, 2006). This situation facilitated the purchase of 
naturally infected animals that could be kept at IRAD without the likelihood of re­
infection.
Eighteen healthy Gudali {Bos indicus) cattle (fifteen cows and three bulls), infected 
with O. ochengi and laden with >30 palpable nodules each, were purchased from 
nearby markets and kept at pasture at the field site for the duration of the experiment. 
During their time at IRAD, two female animals died from causes unrelated to the 
experiment; thus, any data collected from these animals whilst alive was excluded 
from subsequent analyses.
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3.2.2. Cattle grouping, nodule mapping and chemotherapy
Cattle were ear-tagged, weighed, and divided into three groups each containing five 
cows (ear tags numbers were randomly selected using a statistical calculator) and 
one bull. Bulls were included in this experiment due to the difficulty in finding 
sufficient heavily-infected cows at market. Nodules were identified by examination 
of the skin, lifting and rolling it between the thumb and index finger, and applying 
slight pressure to differentiate from demodicosis. Nodules were most abundant on 
the ventrum (specifically around the udder/testes), inguinum, and lateral neck. The 
periphery of each nodule was tattooed using veterinary tattoo ink (Cox®) with a 25 G 
hypodermic needle, and their locations were recorded on ‘hide maps’ (Appendix 
12.1) and in digital video clips. Nodule pairs were randomly selected for removal at 
planned time-points (Appendix 12.3). Additional tattooed (but unpaired) nodules 
were mapped for extirpation for electron microscopy studies (Appendix 12.3).
Group name No. animals Drug Regimen
OXY 6 Oxytetracycline
(Terramycin®
LA, Pfizer)
10 mg kg'1 IV once daily for 14 days; 14 
day break, then 20 mg kg'1 IM monthly 
for 5 months
MEL 6 Melarsomine
(Cymelarsan®,
Merial)
4 mg kg'1 IV every other day for a total 
of 3 treatments.
CON 6 None None
Table 3.2. Experimental design
Cattle received chemotherapy according to Table 3.2. The “gold standard” of 
antibiotic chemotherapy for O. ochengi, which kills 80% of adult worms by twelve 
months after the start of oxytetracycline treatment (Gilbert et al., 2005), was 
followed. For intravenous (IV) drug administration, cattle were either placed in 
sternal (OXY group) or lateral (MEL group) recumbency. Melarsomine was used as
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a non-antibiotic control, as it is 100% adulticidal (Tchakoute et al., 2006) and 
directly targets nutrient uptake and metabolism in the worm (Subrahmanyam, 1987). 
Cymelarsan® (Merial) was reconstituted to a concentration of 5 mg ml"1 using sterile 
water (Lonza). Each dose was decanted into a sterile, empty intravenous drip bag 
(Kruuse) and administered IV over ten minutes via a catheter attached to a 3-way tap 
and 50-ml syringe. Control animals received no treatment.
3.2.3. Nodule extirpation and gross processing
The course of worm death in animals receiving the oxytetracycline regime occurs 
over approximately one year (Gilbert et al., 2005), with a change in intranodular 
cellular composition occurring by 8 to 12 weeks (Nfon et al., 2006). To capture a 
range of chronological ‘snapshots’ of intranodular dynamics throughout the year­
long experiment, nine time points were selected for nodulectomies. These were at 0, 
2, 4, 8, 12, 24, 36, 48 and 54 weeks post-treatment (wpt).
At each time point, cattle were gathered in a corral and placed in lateral recumbency 
(Appendix 12.4). Pre-determined tattooed nodule pairs were identified (Appendix 
12.3), the local hair clipped, and the skin aseptically prepared. Nodule pairs were 
surgically removed (Appendix 12.4) under local anaesthesia (Willcain®, Dechra 
Veterinary Products) and the wounds sutured. At every other time point a third 
nodule was extirpated for electron microscopy studies. Post-operation sites were 
checked daily and summer fly cream (Battle, Hayward & Bower Ltd) applied as 
necessary to prevent myiasis. At the corral, nodules were placed in phosphate 
buffered saline [(PBS) Sigma] for transport to the laboratory, where they were 
trimmed of excess tissue.
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At the field-site laboratory, nodules intended for histopathological studies were 
immersed and injected with 10% neutral-buffered formalin for fixation prior to 
storage and transportation at ambient temperature. Nodules intended for electron 
microscopy were immersed and injected with 5% glutaraldehyde solution in 75 mM 
sodium cacodylate buffer (pH 7.4) prior to storage and shipping at 4 C. Nodules 
intended for qRT-PCR analysis were injected with RNAlater® (Sigma), weighed, 
and incubated in 5 volumes of KHAlater® overnight at 4 C, then stored at -20 C. 
Prior to transport, nodules were cut into 1 mm3 pieces and homogenised in 12 
volumes of Lysis-Binding solution [RNAqueous®-Midi Kit (Ambion)] as per the 
manufacturer’s instructions, using an IKA® Ultra Turrax® homogenizer fitted with 
an IKA® 8mm stainless steel dispersing element. Homogenates were shipped to the 
UK on dry ice and stored at -80 C.
3.2.4. Nodule histopathology and granulocyte quantification
Nodules were bisected using a scalpel blade, embedded in paraffin, and 4 pm
sections were cut from the centre using a microtome before mounting on glass slides.
Mounted sections were deparaffinised and rinsed in descending concentrations of
ethanol, and finally water, before staining with a 1/45 dilution of Giemsa in distilled
water for one hour. Sections were then rinsed in distilled water and differentiated in
a 1/1,500 dilution of glacial acetic acid for 30 seconds, rinsed again, and dehydrated
using 95% ethanol, 100% ethanol, and xylene before mounting using DPX. To
ensure that the sections were examined “blind” by the primary investigator (RDEH),
the original serial numbers were obscured before assorting the slides into an arbitrary
sequence and relabeling them. Using an Eclipse 80i microscope (Nikon UK,
Kingston-upon-Thames) fitted with a DS-U1 camera control unit and NIS-Elements
Basic Research 3.0 software, images were obtained of whole nodule sections at x2
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magnification. These were digitally ‘stitched’ so that the circumference and diameter 
of each nodule could be measured. A horizontal midsection transect of each nodule 
was then captured digitally at x20 magnification, and the images stitched to create a 
panorama, which was subsequently divided into three equal sections and overlaid 
with a digital grid. Neutrophils and eosinophils were differentiated and counted by 
eye, tagged using the computer software, and normalised to cells per mm"2. Each 
horizontal section image was scanned visually for degranulating eosinophils which 
were then semi-quant ified using a four-point scale (0 = 0, 1= <1,2=1 — 10, 3=>10 
per worm section).
3.2.5. Nodule immunohistochemistry
The histopathological studies indicated that the intranodular cellular composition 
was at its most dynamic between 8 and 24 weeks post-oxytetracycline treatment 
(Section 6.2.1). Thus, subsequent analyses were focussed on the time-points of 8, 12 
and 24 weeks post-treatment.
For immunohistochemistry, nodule sections were deparaffinised in xylene (two 
incubations of 5 minutes each, with change of solvent) and slowly rehydrated in 
100% ethanol followed by 95% ethanol (two incubations of 3 minutes each per 
concentration), and then transferred into distilled water for 30 seconds. Antigens 
were demasked by incubating the sections in 0.1 M sodium citrate buffer, pH 6.0 
(Appendix 12.8.2), for two periods of 5 minutes, with a change of buffer. Slides 
were ah' dried and a hydrophobic ring drawn around each section (Dako Pen, Dako) 
before applying reagents from a LSAB2 System-Horseradish Peroxidase (HRP) kit 
(Dako). Briefly, each section was incubated with peroxidase block reagent (Dako) 
for 5 minutes, rinsed in distilled water, and incubated in BSA-sucrose blocking
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buffer (Appendix 12.8.2) for 30 minutes. Following a brief rinse in wash buffer 
(Appendix 12.8.2), the slides were incubated with a rabbit polyclonal ax&i-Wolbachia 
surface protein antibody (ot-WSP) at a 1/500 dilution in blocking buffer for 30 
minutes. This antibody was raised against recombinant WSP from Dirofilaria 
immitis (Kramer et al., 2003). For each section incubated with oc-WSP, an adjacent 
section was identically processed using a 1/500 dilution of normal rabbit serum 
(Sigma) as a negative control. Slides were rinsed and incubated with biotinylated 
link reagent (Dako) for 10 minutes, rinsed again, and streptavidin-HRP (Dako) was 
applied for 10 minutes. Positive reactivity was detected following incubation with 
S^’-diaminobenzidine (DAB) chromogen (Dako) for 5 minutes, and excess substrate 
was removed with distilled water. Finally, the slides were counterstained with 
Giemsa (Section 3.2.4), ah' dried and mounted using DPX.
Sections were examined at x40 magnification using a Leica Dialux compound 
microscope (Wetzlar, Germany). As DAB chromogen leaves a brown precipitate 
when bound to its target antigen-antibody complex, the presence of Wolbachia could 
be detected in adult worm tissues and in any microfilariae present in the nodule. The 
slides were then analysed via a two-step screening process. Firstly, the overall state 
of the nodule including integrity, presence of microfilariae, and the distribution and 
relative quantities of Wolbachia was evaluated, and the abundance of neutrophils and 
eosinophils was scored on a scale of 1 to 3. Secondly, a digital zonal scale was 
centred over each cluster of >10 eosinophils, and their proximity to Wolbachia 
precipitate and worm structures was semi-quantified in each of three 50-micron 
zonal increments, then recorded using a table (Appendix 12.5), which was adapted 
from a form proposed by Striebel (1988).
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3.2.6. Transmission electron microscopy
Glutaraldehyde-fixed nodules were dissected and 1 - 2 mm3 blocks containing O. 
ochengi were washed in 0.1 M cacodylate buffer and then placed in 1% aqueous 
osmium tetroxide for 90 minutes. Fixed tissue blocks were stained using 8% uranyl 
acetate in 0.69% maleic acid for 90 minutes, then dehydrated in ascending ethanol 
concentrations (50, 70, 90 and 100% with two incubations of 5 minutes each); 
finishing in 100% acetone (three 10-minute incubations with change of solvent). 
Resin (TAAB Laboratories Equipment) infiltration was accomplished by placing 
blocks in solutions of 30% and 60% resin in acetone once, then in 100% resin twice, 
for 2 hours each. Tissue blocks were then embedded in 100% resin, before 
incubating at 60'C overnight for polymerisation to occur. Blocks were cut into 0.5 
pm semi-thin sections, stained with toluidine blue and checked for structural 
integrity using a light microscope, before cutting ultrathin (60 nm) sections using a 
Reichert-Jung Ultracut ultramicrotome equipped with a diamond knife (Diatome Ltd, 
Biel, Switzerland). Ultrathin sections were mounted onto 200-mesh copper grids and 
stained with Reynolds9 lead citrate for 8 minutes. Digital micrographs were taken 
using an H7100 transmission electron microscope (Hitachi High Technologies, 
Krefeld, Germany) fitted with a charge-coupled device camera (Hamamatsu, Massy, 
France) and digital image acquisition software (Advanced Microscopy Techniques, 
Danvers, MA, USA).
Definitive TEM reference images of bovine neutrophils and eosinophils were created
from fresh bovine cells separated using the protocol detailed in Section 3.3.3.1.
Neutrophil and eosinophil-rich cell pellets were fixed in 5% glutaraldehyde in 0.1M
sodium cacodylate buffer, then processed for TEM as outlined above. Digital images
were acquired using a Philips EM 208s transmission electron microscope (Philips)
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equipped with Gatan digital imaging, and bovine neutrophils and eosinophils 
differentiated according to their ultrastructural characteristics (Appendix 12.6).
3.2.7. Quantitative reverse transcriptase PCR on nodular material
3.2.7.1. RNA extraction and cDNA synthesis
RNA extraction and purification by lithium chloride precipitation was performed 
using the RNAqueous®-Midi Kit (Ambion), following the manufacturer’s 
instructions. Briefly, homogenised nodules were thawed and centrifuged at 21,900 g 
for 8 minutes at 4°C. The clarified lysate was removed and an equal volume of 64% 
ethanol was added before passing the lysate-ethanol mixture through a glass filter. 
Each filter containing the RNA was washed using Wash Solutions 1 and 2, and the 
RNA was recovered by flushing the filters with Elution Solution (0.1 mM EDTA) 
heated to 100°C. Lithium Chloride Precipitation Solution (0.5 volumes) at 4 C was 
added to each sample prior to incubation for 30 minutes at -20 C, followed by 
centrifugation at 21,900 g for 15 minutes. The resultant RNA pellet was washed with 
70% ethanol and re-centrifuged as before. The ethanol was removed and the pellets 
suspended in 100 pi hot Elution Solution prior to storage at -80 C.
The RNA content of the eluates was quantified using a NanoDrop®-1000 
spectrophotometer (Thermo Fisher Scientific), and if required, the samples were 
concentrated by centrifugation for 8 minutes at 5,000 g in Nanosep® Omega 30 kD 
filtration units (Pall Life Sciences). The RNA content was verified and all samples 
were normalised to ~3 pg in 17 pi nuclease-free water. All incubations were 
performed on a T3 thermocycler (Biometra). To ensure complete solubilisation of 
RNA, samples were incubated for 10 minutes at 55 C, and contaminating DNA was 
digested by addition of 1 pi (2 U) of TURBO DNase (Ambion) with 2 pi TURBO
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DNase buffer, followed by incubation for 30 minutes at 37 C. The DNase was 
deactivated by addition of 2|il DNase Inactivation Reagent (Ambion) and incubation 
for 2 minutes at room temperature, before removal of the reagent gel by 
centrifugation at 10,000 g for 90 seconds. Reverse transcription proceeded using a 
SensiMix™ Two-Step Kit (Quantace), following the manufacturer’s protocol. Firstly, 
to enable annealing, the supernatant from each RNA sample was mixed with 
random hexamers (final concentration, 10 pM) and dNTP (final concentration, 1 
mM) and incubated in a final volume of 20 pi at 65 C for 10 minutes, then chilled on 
ice for 2 minutes. Secondly, the samples were split into two equal aliquots and 
combined with 50 U reverse transcriptase (RT+ aliquot), or an equivalent volume of 
nuclease-fi'ee water (RT- aliquot), and 10 U RNase inhibitor in lx SensiMix RT 
buffer (final volume, 20 pi). Finally, to obtain first-strand cDNA, the samples were 
incubated at 40°C for 50 minutes (extension) and 70 C for 15 minutes (denaturation), 
then chilled at 4°C and transferred to -20 C for storage.
3.2.7.2. Nodule gen e targets
To gain an accurate insight in to the relative viability of Wolbachict and its host O.
ochengi in the extirpated nodules, qRT-PCR was employed to quantify indicators of
worm and bacteria vitality. Glutathione S-transferases (GSTs) are multifunctional
proteins that have a role in the detoxification of cytotoxic products (Liebau et al.,
2000). Using immunohistochemistry, in other studies OvGSTl antisera has been
used to demonstrate the rapid decline of OvGSTl in O. volvulus within nodules
extirpated from patients treated with doxycycline (Hoerauf et al., 2003b), illustrating
that OvGSTl is a reliable indicator of worm viability. In this study, O. ochengi
GST la (GoGSTla) transcripts were quantified from the adult worms and used as an
indicator for worm vitality, in comparison with 16S rRNA transcripts from
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Wolbachia [previously validated using Aa23 cells in vitro (Makepeace et al, 2006)]. 
The ratio of cDNA copies per nodule provided a direct comparison of the Wolbachia 
and O. ochengi levels during the course of the experiment.
Transcripts of the bovine neutrophilic cytokines interleukin-8 (CXCL8) and the 
growth-regulated protein family [(GRO; CXCL1-3) see section 1.9.1.2], together 
with the eosinophilic cytokines eotaxin (CCL11) and interleukin-5 [(IL-5) see 
Section 1.9.2.1], were quantified alongside a “housekeeping” gene (bovine 28S 
rRNA) that was used for normalisation (Rosbottom et al., 2007).
3.2.7.3. Production of positive control cDNA for interleukin-8 
Prior to analysis of nodule extracts, the performance of the qRT-PCR assay for IL-8 
was evaluated with positive control cDNA obtained from bovine PBMC’s. Bovine 
blood (20 ml) from an adult Bos tanrus in the UK was collected via jugular 
venepuncture into lithium-heparin Vacutainers® (Becton Dickinson). Blood was 
diluted in an equal volume of RPMI medium containing 1% heparin, then overlaid 
onto Lymphoprep™ (Axis-Shield; 1:1 ratio to blood solution) and centrifuged for 45 
minutes at 1,200 g (without brake). The PBMC layer was removed and diluted in 1% 
heparinised RPMI medium to a final volume of 45 ml. The suspension was 
centrifuged at 2,000 g for 10 minutes, the cell pellet re-suspended in 1% heparinised 
RPMI medium, and viability assessed using trypan blue exclusion. PBMCs were 
diluted to 0.9 x 107 cells mf1 in RPMI medium (supplemented with 10% foetal calf 
serum and penicillin-streptomycin at 100 UI mf1, placed in 24-well cell culture 
plates and incubated with 5 pg ml'1 concanavalin A (Sigma) at 37 C (5% CO2) for 24 
or 48 hours before harvesting. The cells were washed twice in 1% heparinised RPMI 
medium and quantified using a Neubauer counting chamber, washed in PBS, then
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placed in 9 volumes of. KNAlater® (for simultaneous RNA extraction, cells 
harvested at 24 hours post-stimulation were stored at 4 C). Cells were centrifuged 
(2,000 g for 10 minutes) and RNA was extracted from ~1 x 107 cells using the 
RNAqueous® Midi Kit (Ambion) as described 3.2.7.1. The RNA was quantified 
using a Nanodrop-1000 spectrophotometer and reverse-transcribed as detailed in 
Section 3.2.7.1.
3.2.7.4. Design of PCR primers and quantitative standards
Complete coding sequences for specific targets were sought from the NCBI 
database, prioritising fully published data where available. Sequences were 
transferred to the Primer3 v. 0.4.0 website (http://frodo.wi.mit.edu/primer3/), and the 
following parameters were selected: a melting temperature (Tm) within the range of 
59 - bTc with a maximum difference of ±1 C, a product size of approximately 100 
base pairs, and no tracts containing >2 guanine or cytosine bases. All resultant 
sequences are documented in Table 3.3. As the bovine GRO protein family is 
encoded by three genes (Modi and Yoshimura, 1999), sequences were aligned using 
CLUSTALW (http://cIustalw.genome.jp/) software to ensure that all three gene 
products were amplified. Alignments between human and bovine 28S rRNA 
sequences were also performed in order to select primer binding sites that were 
unlikely to amplify human DNA from the laboratory environment. Primers were 
obtained from Eurofins MWG Operon.
3.2.7.5. Construction of standard curves
Each assay included a specific standard curve for absolute quantification, using 
single-stranded oligonucleotides representing the full-length amplicons. These were 
obtained by custom synthesis from Sigma and diluted to a concentration of 10 pM.
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To prevent low concentrations of DNA adhering to plasticware, logio serial dilutions 
(5 x 106 to 5 x IQ'1 copies pr1) were performed in 100 pg ml"1 yeast tRNA 
(Invitrogen) and stored at 4°C.
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3.Z7'6, Assay conditions
The second step of the qRT-PCR was performed using reagents supplied in the 
SensiMix Two-Step Kit (Quantace). Each reaction (final volume, 20 pi) comprised 
200 nM each primer, lx SYBR® Green I, and 1 pi DNA template in lx SensiMix 
(dT). For each sample, two concentrations of template were assayed in single wells; 
no-template controls (NTC; ultrapure water replacing template) and standards were 
included in duplicate on each plate. Reactions were conducted on a MiniOpticon 
Real-Time PCR Detection System (Bio-Rad) under the following conditions: 10 
minutes at 95 C (hot-start polymerase activation); then 35 cycles of 15 seconds at 
95 C (denaturation), 30 seconds at 55 C (annealing), and 15 seconds at 72 C 
(extension); followed by a melting curve (55 - 95 C) to confirm product specificity. 
The NTC were negative in each reaction, confirming the absence of contamination. 
Copy numbers of targets quantified on each plate were interpolated by linear 
regression, and the value closest to the centre of the standard curve (or if inhibition 
was suspected, the value resulting from the greater dilution) was used for subsequent 
analysis. Copy numbers were normalised by subtraction of the corresponding RT- 
value, which in 96% of cases was negligible (<3% of the RT+ quantity).
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3.3. Comparison of bovine granulocyte migration towards extracts of
Wolbuchia-replete or depleted Onchocerca ochengi.
3.3.1. Rationale and experimental design
Wolbachia-coxitammg O. volvulus extracts stimulate the migration of human 
neutrophils in-vitro (Rubio de Kromer et al, 1998), in contrast to Wolbachia- 
depleted extracts (Brattig et al, 2001). Although O. ochengi were shown to induce 
the activation of human neutrophils in-vitro (Brattig et al., 2001), there have been no 
reports on the chemotactic activity of bovine granulocytes in this system. Therefore 
this experiment was designed to investigate whether Wolbachia-contmnmg O. 
ochengi extracts exert a chemokinetic or chemotactic effect on bovine neutrophils; 
and reciprocally, whether Wolbachia-6.&p\QXQ<\ (O. ochengi), or Wolbachia-frcc 
(Setaria labiatopapillosd) filarial extracts, exert a chemokinetic or chemotactic effect 
on bovine eosinophils.
3.3.2. Animal sourcing and experimental conditions
3.3.2.1. Eth ical considerations
Experiments were authorised under Home Office Licence PPL 40/3243, and 
approved by the University of Liverpool’s local ethical review process. Fresh blood 
collected via the jugular vein of slaughtered cattle was used for the optimisation of 
granulocyte purification. For all definitive experiments using O, ochengi extracts, a 
single 3-year-old Dexter bull was used as a donor to ensure minimal variation within 
blood parameters. The animal was kept at pasture at Ness Heath Farm, University of 
Liverpool Leahurst Campus. Regular faecal egg counts were performed to avoid 
unnecessary administration of anthelmintics.
70
3.3.3. Granulocyte Purification
3,3.3.1. Separation of bovine polymorphonuclear leukocytes
From a search of the literature, six detailed publications (Table 3.4) of the
purification of granulocytes from ruminant species were reproduced within our
laboratory, from which a definitive protocol was developed to coincide with the
requirements for this experiment. Primary parameters to be considered were as
follows.
Blood volume required: for each chemotaxis experiment, a minimum of 1 L of blood 
was required to yield sufficient granulocytes to perform all migration assays. This 
resulted in protocols using large volumes of anticoagulant, or the use of small 
collection tubes, inappropriate.
Equipment available (e.g. fixed rotors): some protocols required specific pieces of 
equipment which were unavailable within our laboratory. The results using 
dissimilar equipment were unreliable.
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3.3J.2. Definitive Protocol
Twenty ml of 10% sodium-EDTA [Sigma (Soldan, 1999)] was used to coat 1 L 
veterinary dry sterile blood bags (Kruuse). The bull was lightly sedated with 1 ml 
xylazine (Rompun®, Bayer Animal Health) injected into the gluteal muscle, then 
restrained using a crush and head collar. The mid-neck was clipped of hair and 
aseptically prepared using chlorhexidine. An intradermal bleb of local anaesthetic 
[Willcain (Arnolds)] was instilled and the skin incised using a sterile scalpel. A 12 
gauge needle was attached to the giving set and anticoagulant was flushed 
retrograde. Jugular occlusion was carried out via digital pressure for one minute 
before venepuncture. One litre of blood was collected whilst gently rocking the 
collection bag to avoid coagulation. After blood collection, the needle was removed 
and digital pressure applied to the neck to avoid the formation of a haematoma. The 
blood bag was sealed with haemostats and transported to the laboratory on ice.
Working in the laminar flow cabinet to maintain asepsis, the blood was decanted into
50 ml centrifuge tubes, and centrifuged for 20 minutes at 2,300 g, 4 C. Ten
millilitres of packed cells was removed from the area immediately below the buffy
coats, and transferred to four new tubes (200 ml in total). These tubes were
centrifuged at 2,300 g, 4°C for 30 minutes. Any wrinkled film that had appeared was
removed together with the top 10 ml of cells, and collected in to a sterile 1 L glass
beaker (40 ml total) (Freiburghaus and Jorg, 1990). Red blood cells were lysed in
400 ml ammonium chloride (4C) solution (appendix 12.8.3) for 10 minutes, then
centrifuged at 400 g, 4°C for 10 minutes (Lamote et al., 2007). The supernatant was
removed, and the remaining cell pellets were washed twice in PBS containing 1.2
mM EDTA (Biowhittaker ®) and centrifuged at 200 g, 10 minutes, 4 C. The pellets
were pooled and reconstituted in 5 ml PBS-EDTA, layered onto a Percoll® (Sigma)
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gradient (see 3.3.3.3), and centrifuged at 400 g for 15 minutes at 4 C (without brake) 
(Chambers et al., 1983). Celi bands were collected and washed twice in PBS-EDTA 
as before, then re-suspended in PBS-EDTA. Total viable cell counts were performed 
via trypan blue-exclusion using a Neubauer counting chamber. Thin smears of each 
fraction were stained using a Romanowsky stain [Quick-Diff® (reastain) 
(Woldehiwet et al, 2003)] and differential cell counts were performed.
3J.3.3. The Percolf gradient
Percoll® stock solution (appendix 12.8.3) was diluted in PBS (Sigma) to attain the 
concentrations in Table 3.5. A discontinuous density gradient of decreasing 
concentrations was constructed by passing each dilution through a 25 gauge 
hypodermic needle bent at 90 degrees (bevel pointing upwards), placed just below 
the surface of the preceding layer. The gradient was calibrated using a Percoll® 
density marker bead kit (GE Healthcare Life Sciences) according to the 
manufacturer’s instructions. Briefly, the beads were equilibrated in 1 ml distilled 
water overnight, and 0.1% w/v thimerosal was added to each vial to prevent bacterial 
growth. Fifteen microlitres of each bead suspension were added to 0.11 M sodium 
citrate buffer (Appendix 12,8.3) to a final volume of 2.5 ml and placed on top of a 
Percoll® gradient constructed in a 15 ml centrifuge tube, using 2.5 ml of each 
concentration detailed in Table 3.5. The gradient was centrifuged at 400 g for 15 
minutes (without brake) and each coloured band separated out within the 
corresponding part of the gradient as shown in table Table 3.5.
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Table 3.5. Verification of discontinuous Percoll® gradient used for the 
separation of bovine eosinophils and neutrophils.
Band
colour
Density
(g ml1)
Distance from 
meniscus to band (mm)
Percoll density 
equivalent (%)
Red 1.064 20 49
Blue 1.074 42 55
Yellow 1.088 63 62
Green 1.102 100 (pellet) 68
Red 1.120 100 (pellet) 74 1
Eosinophil band 
(1.092-1.111 gmf1)
Neutrophil pellet (1.106- 
1.120 g ml'1)
3.3.4. Cell migration Assays
3.3.4.1. Preparation of Chemoattractants
3.3.4.1.1. Controls
The yeast cell wall component zymosan, a bovine neutrophil (Shuster et al, 1997) 
and eosinophil (Vogel et al, 2005) chemoattractant, activates the complement 
cascade after incubation with serum, via the activation of C5a and its derivative 
C5adesArg (Fischer and Czarnetzki, 1982; Rainard et al., 1998). Zymosan-activated 
serum (ZAS) is an effective positive control at a concentration of 1 mg ml'1 for in- 
vitro bovine PMN migration assays (Vogel et al., 2005; Yu et al, 2010). Thus, ZAS 
was prepared according to a protocol by lunger et al (1993). Briefly, 20 ml newborn 
calf serum was warmed to 27 C in a water bath, and then incubated with 100 mg 
zymosan A (Sigma) at 37 C on a shaking platform for 30 minutes. The serum was 
centrifuged (1,000 g for 20 minutes), then removed from the zymosan pellet and
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incubated at 56 C in a water bath for 30 minutes. The ZAS was stored in aliquots at - 
80C.
Recombinant bovine IL-8 [(rML-8) see section 1.9.1.2], a chemokine shown to 
positively attract bovine neutrophils but not eosinophils in-vitro (Caswell et al., 
1999), was purchased from Kingfisher Biotech, Inc (St Paul, Minnesota, USA). 
Lyophilised solid was dissolved in 1% bovine serum albumin (BSA) to a final 
concentration of 1 |ig ml"1, then stored at -80 C.
Bovine eotaxin (see Section 1.9.2.1), an effective eosinophil chemoattractant in-vitro 
(Vogel et al., 2005), was not commercially available. However, as the chemokine 
recombinant murine eotaxin (;777eotaxin) was found to attract ovine eosinophils in- 
vitro, (Wildblood et al., 2005), cross-reactivity within the Bovidae family was 
deemed probable. Thus, /weotaxin (Peprotech) was reconstituted in PBS 
supplemented with 0.1% heat-treated newborn calf serum to a final concentration of 
1.6 pg mf1, and stored at -80 C.
The reported chemotactic activity of the bacterial cell wall component PDG on
granulocytes is ambiguous. In human studies, PDG was found to be a specific
activator for neutrophils (Mattsson et al., 2003), and exerted a chemotactic effect on
neutrophils in normal human serum via activation of the alternative complement
pathway (Riber et al., 1990). Conversely, another study reported the suppression of
neutrophil chemotaxis in the presence of Staphylococcus aureus PDG, suggesting a
bacterial defence mechanism (Musher et al., 1981). However, since PDG monomers
(muramyl dipeptides) are synthesised by Wolbachia. (Foster et al., 2005), and as
these were thought to stimulate an inflammatory response via TLR-2 (Bougarn et al.,
2010), PDG constituted a candidate positive control for in-vitro neutrophil
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chemotaxis. Peptidoglycan from Bacillus subtilis (Fluka) was suspended in PBS to a 
stock concentration of 20 mg mf1, ultrasonicated in a PUL55 ultrasonic bath (Kerry 
Ultrasonics, Hitchin, England) at approximately 30 kHz for three 10-second bursts, 
and stored at -80 C.
Ascaris suum, an intestinal roundworm of pigs, and Fasciola hepatica, a liver fluke 
which parasitizes sheep and cattle, attract bovine eosinophils in-vivo (Duffus et al., 
1980; Grewal and Babiuk, 1979) and guinea pig eosinophils in vitro (Horii et al., 
1988). Fresh A. suum were collected from pig faeces and F. hepatica from sheep 
livers at a local abattoir, and frozen at -80 C. The helminths were cut into 
approximately 1 mm3 pieces on ice, then homogenised in PBS for three-30-second 
bursts, using a Polytron® PT1200 homogeniser equipped with a PT-DA 1205, 2.5- 
mm diameter dispersing element (Kinematica, Lucerne, Switzerland), The 
homogenates were centrifuged at 21,900 g (4 C) for 2 hours, and the supernatants 
were subjected to the Bradford assay (Section 3.3.4.1.4) to quantify protein prior to 
storage at -80 C.
Adult S. labiatopapillosa, a Wolbachia-fi'QQ filarial parasite of cattle (Casiraghi et 
al., 2004), were removed from the peritoneal cavities of cattle slaughtered at an 
abattoir in Ngaoundere, Northern Cameroon. Non-gravid females were placed in 
PBS, stored and transported to Liverpool at -80 C, and subsequently prepared for use 
in cell migration assays as detailed in Section 3.3.4.1.2.
3.3A. 1.2. Wolbachia-depleted Onchocerca ochengi.
Wolbachia-<\Q\')\QXQ<\ O. ochengi were harvested from a group of animals that had
received a short treatment regimen of oxytetracycline (Terramycin® LA, Pfizer) at
IRAD, Ngaoundere, Northern Cameroon. Fifteen naturally and heavily infected
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Gudali breed cattle received fourteen daily doses of Terramycin LA® (Pfizer) atlO 
mg kg"1 as detailed in Appendix 12.2. A significant reduction of Wolbachia from 
post-treatment worms was confirmed by comparative immunohistochemical staining 
of nodule sections [using the DakoCytomation LSAB2 System kit (see Section 
3.2.5)] removed at four and eight weeks post-treatment. Blinded screening of nodule 
sections revealed a general reduction in Wolbachia in the eight-week post-treatment 
worms as determined by reactivity of an anti-WSP polyclonal antibody [as seen in 
Figure 8.2.2 (c)\. Nodules were harvested from the hides of cattle slaughtered 10-12 
weeks post-treatment, and the filariae were sexed and separated (females were 
further divided into gravid and non-gravid groups) using a dissection microscope. 
Filariae were stored and transported at -80 C in PBS.
3.3 A. 1.3. Preparation of worm homogenates for chemotaxis experiments
Worm samples were removed from storage, transferred into a sterile tray placed on 
ice, and finely chopped using a scalpel. The worm fragments were suspended in 1 ml 
endotoxin-free PBS, combined with 1 g of beads (1:1 blend of 1 mm glass and 0.1 
mm zirconia-silica) and homogenised in a Mini-Beadbeater™ (Biospec Products) for 
four 1-minute cycles at 4,800 rpm, with cooling on ice for 2 minutes between each 
cycle. The homogenates were transferred to micro centrifuge tubes, and centrifuged 
at 17,000 g at 4 C for two hours. The protein content of the soluble supernatant was 
measured using the Bradford assay as described in section 3.3.4.1.4, and the extracts 
were stored at - 80 C. The insoluble pellets were also stored at -80 C prior to 
Western blotting (Section 3.3.4.2). For use in chemotaxis assays, worm homogenates 
were diluted to the desired concentration in enriched Dulbecco’s modified Eagle’s 
medium [DMEM (Appendix 12.8.3)].
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3.3.4.1.4. Bradford protein assay
The protein concentrations of supernatants from parasite homogenates were 
quantified using a Dynex Technologies™ microplate reader equipped with 
Revelation™ version 3.2 software. Samples and BSA standards (Sigma) were 
incubated with the Bradford reagent (Sigma) in flat-bottomed 96-well microplates 
according to the manufacturer’s instructions, and optical densities were obtained at 
570 nanometres. Protein concentrations were interpolated using linear regression 
against a standard curve (serial dilutions of BSA from 0.19 - 1.5 mg ml"1). The 
concentrations of each parasite extract are displayed in table Table 3.6.
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Table 3.6. Protein content of parasite somatic supernatant as determined 
by Bradford assay.
Worm homogenate Protein content (mg ml'1)
Ascaris smm 0.39
Fasciola hepatica 15.0
Setaria labiatopapillosa 0.68
O. ochengi male (Wolbachia-poAlwe) 1.0
O. ochengi male (lEo/frac/wa-negative) 1.3
O. ochengi female (non-gravid, Wolbachia- 
positive)
5.6
O. ochengi female (non-gravid, Wolbachia- 
negative)
9.7
3.3.4.2. Sodium dodecyl sulphate-polyacrylamide gel electrophoresis
(SDSPAGE) and Western blotting
To determine that the O. ochengi worms obtained from the antibiotic-treated cattle
were successfully depleted of Wolbachia in comparison to the control animals, and
to semi-quantify the WSP content of the worm homogenates, SDS-PAGE followed
by Western blotting was performed on the O. ochengi insoluble pellets which
remained after homogenisation (Section 3.3.4.1.3). Polyacrylamide gels were
prepared in-house (Appendix 12.8.3). Protein extracts from the naturally Wolbachia-
free nematode S. labiatopapillosa, and recombinant WSP, were used as negative and
positive controls, respectively. Briefly, two 12.5% resolving gels were poured
between 1-mm spacer plates (Bio-Rad), levelled with water-saturated butan-2-ol, and
then overlaid with a 5% stacking gel into which a 1mm comb was placed to produce
wells. The proteins were denatured by boiling the pellets for 5 minutes in lx
Laemmli sample buffer (Appendix 12.8.3) at 100 C in a heating block. Each gel was
loaded with 0.5 pi Dual Color Precision Plus Protein™ Standards (Bio-Rad),
followed by 100 pg sample protein per well (for gels destined for electroblotting), or
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10 ng per well [for gels destined for staining with colloidal Coomassie Brilliant Blue 
(Appendix 12.8.3)]. The proteins were separated by size during electrophoresis (70 
volts for stacking, then 200 volts for resolving) within a tank (Bio-Rad Mini Protean 
11™) containing 1 x TGS buffer (see Appendix 12.8.3 for 10 x stock buffer) until 
the dye front reached the bottom of the gel. For Western blotting, the gels were 
placed in cassettes (Bio-Rad Mini Cell transfer apparatus) immersed in a tank (Bio- 
Rad Mini Protean 11™) of transfer buffer (Appendix 12.8.3), and electroblotted (20 
volts overnight, in a refrigerated unit) onto a nitrocellulose membrane (Hybond, 
Amersham Biosciences). The membrane was rinsed with distilled water and 
incubated in blocking buffer (Appendix 12.8.3) for 3 hours, then with anti-WSP 
antibody or normal rabbit serum diluted 1/400 in blocking buffer for 2 hours. 
Finally, the blot was incubated with goat anti-rabbit IgG-alkaline phosphatase 
secondary antibody [(Sigma), diluted 1/30,000 in blocking buffer (Appendix 12.8.3)] 
for 45 minutes on a rocking platform. The nitrocellulose was washed three times (5 
minutes) in fresh transfer buffer between each step. The blots were developed for 70 
seconds in 1-Step™ nitro-blue tetrazolium chloride and 5-bromo-4-chloro-3'- 
indolyphosphate p-toluidine salt solution (Thermo Scientific), diluted 1:1 in water, 
and the reaction terminated using distilled water.
33.4.2.1. Protein quantification of filarial worm pellets
The Protein dotMETRIC™ assay (G-Biosciences®) kit was used to quantify the small
insoluble pellets remaining after filarial homogenisation. The accuracy of the assay
was verified using a known concentration of BSA prior to use. The filarial pellets
were boiled (100 C for 5 minutes) in an equal volume of lx Laemmli sample buffer
(Appendix 12.8.3) using a heating block, and then centrifuged at 17,000 g for 10
minutes. One micro litre of protein solution was added to the supplied dilution buffer
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to make a final volume of 20 (il and spotted onto test strips using a capillary tube. 
The strips were developed according to the manufacturer’s instructions (Protocol 2), 
and the diameter of the protein spots was measured using the supplied Protein 
dotMETRIC™ scale. The protein concentration was calculated from the mean of four 
replicates (Table 3.7).
Table 3.7. Protein concentration of filarial worm pellets as determined by 
the Protein dotMETRIC™ assay.
Worm pellet Mean protein concentration (mg 
ml'1)
Setaria labiatopapillosa 9.7
0. ochengi male (Wolbachia-posiilve) 6.8
0. ochengi male (Wolbachia-negdXwQ) 8.0
0. ochengi female (non-gravid, Wolbachia 
positive)
9.9
0. ochengi female (non-gravid, Wolbachia 
negative)
9.7
3,3,4,3, Chemotaxis-chemokinesis assays.
Preliminary experiments involved a series of trial assays in order to optimise the cell 
migration parameters, comprising:
• Assay plate manufacturers (Nunc, Becton Dickinson, Millipore);
• Mock chemoattractant diffusion assays;
• Cell migration assay incubation period (1 or 2 hours);
• Assay plate pore size (3 or 8 pm);
• Positive control stimuli (PDG, rweotaxin, rML-8, ZAS, A. sawn,, F. 
hepaticd).
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Assay plates were chosen according to their membrane materials and working 
volume parameters. To determine the optimal assay length within our laboratory 
protocol we performed a simple diffusion test to ascertain the steepness of the 
gradient followed by a mini cell migration assay to determine the effect of 
incubation time on total cell migration. Trypan blue was used as a marker in the 
lower wells. The plates were incubated at 37 C and the diffusion of trypan blue into 
the upper chamber was assessed by eye every 15 minutes until the first plate reached 
equilibrium. For the mini cell migration assay, counts of intact cells that were 
adhered to the bottom of the membranes after incubation with chemoattractants for 
either one or two hours were compared. For the pore size experiments, cells were 
incubated in transwell systems containing pores of either 3 pm or 8 pm (Nunc™). 
Neutrophils and eosinophils were quantified after incubation at 37 C for 2 hours. To 
ascertain reliable positive controls, cell migration assays were performed using 
chemoattractants that were found to be effective in published studies (Section 
3.3.4.1.1). Cell migration numbers for positive controls were divided by baseline 
migration numbers in the negative control (DMEM) chambers, to reveal cell 
migration indices. Controls with the highest migration indices were used in the 
definitive experiments.
For the definitive cell migration experiments, bovine granulocytes were separated 
using the Percoll discontinuous gradient (Section 3.3.3.3), and cell fractions were re­
mixed in enriched DMEM (Appendix 12.8.3) to produce an overall cell 
concentration of 5 x 106 ml"1 cells with an eosinophil content of 50%. 
Chemoattractants (200 pi per well; six replicates) were prepared and warmed in a 
37 C incubator within Multiscreen MIC 96-well companion plates (Millipore™). The
filter plate was seated into the companion plate, and a 50 pi aliquot of cell
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suspension was placed into each upper chamber prior to incubation at 37 C (5% 
CO2) for one hour. The filter plate was washed with PBS, air-dried quickly, stained 
with Quick-Diff (Reastain), and dried overnight. The filters were removed using a 
scalpel and mounted (underside facing uppermost) onto glass slides using gridded 
cover-slips (Electron Microscopy Sciences, Pennsylvania, USA) and a water-soluble 
mountant (VectaMount™ AQ, Vector Laboratories). Cells that had passed through 
the filter (i.e., those in the uppermost field of view) were visually differentiated and 
quantified microscopically at 400x final magnification in ten randomly-selected 
(www.randomizer.org) grid references.
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4. In-vitro studies on the effects of melarsomine on
Wolbachia
4.1. Introduction
The organic arsenical compound melarsomine was assessed for its suitability for use 
as a non-antibiotic control against O. ochengi in-vivo. In a previous study, 
melarsomine was completely macrofilaricidal in cattle within 5 months of treatment; 
as evidenced by an 86% decrease in nodule load, with only small, hard nodules 
containing only dead worms remaining (Tchakoute et al., 2006). The effects of 
melarsomine on prokaryotic cells were unknown but in contrast with Tchakoute et al 
and in the same model, nodule resolution and worm death were recorded 9 months 
after treatment using the antibiotic oxytetracycline, and followed Wolbachia 
depletion (Gilbert et al., 2005; Langworthy et al., 2000). Thus, a difference in the 
mechanism of worm killing between the two drugs was inferred, in which the 
relatively fast macrofilaricidal activity of melarsomine was deemed to result from a 
direct toxic effect. However, to confirm this using a reliable and convenient in-vitro 
model, an experiment using the Aa23 mosquito cell line (which is naturally infected 
with Wolbachia) was performed. Cells were treated with melarsomine 
hydrochloride, doxycycline hyclate [a tetracycline known to deplete Wolbachia in 
this system (Hermans et al, 2001; Makepeace et al, 2006)], or sterile water for 3 or 
7 days preceding quantification of Wolbachia (16S) and Aa23 host cell (18S) rRNA 
using qRT-PCR (Section 3.1).
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4.2. Results
4.2.1. Effect of treatment on Aedes albopictus host cells
At 3 days; IBS rRNA copy numbers in melarsomine-treated cells were lower than in 
doxycycline treated cells [Figure 4.2.1 (a)\ mean difference ~0.5 log], but this was 
not significant. At 7 days, the difference was greater due to the inhibitory effect of 
melarsomine causing a mean difference of -1.5 log {p = 0,008; GLM followed by 
Dunnett’s post hoc M:est) compared to control data, while doxycycline did not cause 
any significant difference in growth. The difference in IBS rRNA values was highly 
significant between drugs \p < 0.001, (Appendix 12.7)], but equivalent between the 
three concentrations tested.
4.2.2. Effect of treatment on Wolbachia
At 3 days, there was a significant difference between 16S rRNA copy numbers in 
treated cells \p <0.001, (Appendix 12.7)], with 16S rRNA from melarsomine-treated 
cells increased by an average of-1.0 log [Figure 4.2.1 (b)\ Dunnetfs post-hoc /-test, 
p = 0.023] compared to control data. Melarsomine continued to be ineffective after 7 
days of treatment; conversely, doxycycline reduced 16S rRNA to a mean of 1.3 log 
below the control level by day 7 (Dunnetfs post-hoc /-test,/? = 0.024).
4.2.3. Analysis of the WolbachiaiAedes rRNA copy number ratio 
Figure 4.2.1 (c) shows that at 3 and 7 days, the 16S:18S rRNA ratios were highly 
significantly different with respect to the drug used (p <0.001 in each case, Appendix 
12.7), with melarsomine causing a significant increase to the ratio at both time points 
[mean increase of 1.6 log and 1.7 log, respectively; p = 0.002 (Dunnetfs post-hoc t- 
test)]. Conversely, the 16S:18S rRNA ratios were decreased after doxycycline
86
treatment at 7 days by a mean of 1.5 log [p - 0.002 (Dunnett’s post-hoc Mest)] 
compared to control data.
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4.3. Discussion
The results from this experiment were a prerequisite for the use of melarsomine as a 
substance that would cause filarial death without exerting a specific effect on 
Wolbachia, thus confirming its suitability as a non-antibiotic control in vivo. Because 
there is a degree of natural fluctuation in the relative numbers of mosquito cells and 
Wolbachia during culture, the Wolbachia:A&23 rRNA ratio provided the most 
informative insight into the net effects of the drugs. Melarsomine significantly 
increased the ratio at 3 and 7 days [Figure 4.2.1 (c)\ an effect resulting from the 
continued growth of Wolbachia during melarsomine treatment, coupled with 
inhibitory effects on the host mosquito cells. Therefore, unlike doxycycline, 
melarsomine has no bactericidal or bacteriostatic activity against Wolbachia.
4.3.1. Arsen icals
The mechanism of action of melarsomine remains largely speculative, but the in- 
vitro results presented here are supported by the observation that melarsomine does 
not clear Wolbachia from worms within the lungs of D. zmm/YA-infected dogs treated 
with melarsomine alone, as revealed by anti-WSP staining, compared to no such 
staining in lungs from dogs treated with regimens including doxycycline (Kramer et 
al., 2008). If melarsomine had an anti- Wolbachia effect in heartworm infection, a 
decrease in anti-WSP staining in the lung parenchyma from the melarsomine-treated 
dogs would be expected.
In Litomosoides carinii, arsenical compounds were found to be macrofilaricidal 
(Dickerson and Thompson, 1966) via the inhibition of glutathione reductase 
(Bhargava et al., 1983), which was found to involve a two-stage process in Setaria
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digitata and O. gutturosa (Muller et al., 1995). Whilst adenosine triphosphate (ATP) 
metabolism is reportedly unaffected (Bhargava et al.5 1983), arsenicals are thought to 
inhibit the uptake and metabolism of glucose, and also alter the structure of the 
intestinal epithelium within the worm (Subrahmanyam 1987). In the protozoan 
Trypanosoma brucei, melarsomine may diminish ATP by the inhibition of glycerol- 
3-phosphate, eventually leading to reduction of motility and cell lysis (Denise et al., 
1999).
The use of arsenic and its compounds portray a rich history. For centuries arsenic 
was used in the treatment of cutaneous disease; Hippocrates apparently prescribed 
the topical use of orpiment, a natural form of arsenic for the treatment of abscesses; 
then centuries later Galen recommended arsenic for the treatment of leprosy and 
tuberculosis (reviewed by Riethmiller, 2005). Salvarsan, the first man-made 
antibiotic, was synthesized from atoxyl by Ehrlich and Bertheim in the early 20th 
century, and was used to treat Treponema pallidum, the aetiological agent of 
syphilis, until it was superseded by penicillin in the 1940s. The efficacy of atoxyl 
against Trypanosoma brucei gambiense was reported (Thomas and Mcgill, 1905), 
and the related compounds melarsoprol and melarsomine (brand name Immiticide®) 
are currently used in the treatment of African trypanosomiasis and canine 
heartworm, respectively. The high incidence of toxicity is a serious concern, 
however, and limits its use in humans (Wang, 1995). In light of the recognised 
efficacy of arsenical compounds against certain bacteria, the in vitro evaluation of 
melarsomine against Wolbachia was an important validation step before proceeding 
to the in vivo experiment.
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4.3.2, Tetracyclines
The Wolbachia:AB23 rRNA ratio [Figure 4.2.1 (c)] was significantly reduced in the 
doxycycline-treated cultures, which was a result of the decreased Wolbachia 
numbers compared to unaffected mosquito cells. This was an expected result from 
the positive control, as the anti-Wolbachia activity of lipophilic doxycycline had 
been established previously in the Aa23 cell line (Fenollar et al., 2003; Hermans et 
al., 2001; Makepeace et al, 2006). In this model, doxycycline shows superior effects 
in comparison to the less lipophilic oxytetracycline, probably due to the higher 
intracellular concentration attained via an increased cellular uptake of the drug 
(Hermans et al, 2001).
Tetracycline antibiotics are bacteriostatic via the inhibition of protein synthesis. 
However, in one study, doxycycline exerted a strong killing effect on Wolbachia 
within the mosquito Aa23 cell line, causing a ~6 log reduction in bacterial rRNA (as 
evidenced by qRT-PCR) after three weeks (Makepeace et al., 2006), which may 
indicate unique bactericidal activity against Wolbachia.
Initial in-vivo studies reported the degeneration of Wolbachia within female B. 
pahangi reproductive tracts (using electron microscopy), and the depletion of 
Wolbachia in D. immitis (using PCR), after a 30 - 35-day course of tetracycline 
given to infected jirds or dogs, respectively (Bandi et al., 1999). Similar results were 
reported after the in-vivo treatment of L. sigmodontis in mice with tetracycline 
hydrochloride (Hoerauf et al., 1999) and O. ochengi in cattle with oxytetracycline 
(Langworthy et al., 2000); both exerted a deleterious effect on Wolbachia as 
evidenced by electron microscopy (Hoerauf et al, 1999; Langworthy et al., 2000) 
and immunohistochemistry (Hoerauf et al., 1999).
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The anti-Wolbachia effects of doxycycline have been established in numerous in- 
vivo studies including W. bancrofti in humans (Debrah et al.5 2007; Hoerauf et al., 
2003a; Taylor et al., 2005d), O. volvulus in humans (Hoerauf et al., 2001; Hoerauf et 
al, 2003b; Hoerauf et al., 2000a), and D. immitis in dogs (Bazzocchi et al., 2008). In 
one in-vifro study using O, gutturosa adult worms, doxycycline was also reported to 
exert macrofilaricidal properties (Townson et al., 2006); however the concentration 
of doxycycline used (5 x 10'5 M) exceeded the physiologically relevant minimum 
bactericidal concentration established against Wolbachia in the Aa23 mosquito cell­
line (Hermans et al., 2001) by 100-fold, and thus aberrant direct effects against O. 
gutturosa cannot be ruled out.
Although doxycycline was the tetracycline of choice for the in-vitro experiment, the 
lack of availability of a parenteral formulation for large animals, coupled with the 
reports of toxicity in cattle in Its currently available oral formulation (Chiers et al., 
2004; Yeruham et al., 2002) rendered doxycycline inappropriate for use in the in- 
vivo experiment. Furthermore, the antifilarial properties of doxycycline have not yet 
been elucidated in the O. ochengi model; however, the macrofilaricidal effects of 
other tetracyclines are well-documented, and as such oxytetracycline is used as a 
“gold standard” anti-Wolbachia drug against which other drugs are compared when 
quantifying Wolbachia depletion in this model.
92
5. The effects of replete and ^o/Zwc/i/Vz-depleted
Onchocerca ochengi on the migration of bovine 
granulocytes in-vitro
5.1. Introduction
In-vitro cell migration assays were performed using purified bovine neutrophils and 
eosinophils to elucidate the chemotactic properties of Wolbachia-oontammg extracts 
of 0. ochengi. To compare the migration of granulocyte populations to filariae 
without Wolbachia, assays included 0. ochengi previously depleted of Wolbachia 
via oxytetracycline chemotherapy (verified by Western blotting), and the naturally 
Wolbachia-fi'Qt species, S. labiatopapillosa.
A striking similarity between the sessile, nodule-forming 0. volvulus and O.ochengi 
is the accumulation of neutrophils around the periphery of filariae throughout their 
life (Brattig et al., 2001; Nfon et al., 2006). Previous in-vifro cell migration assays 
demonstrated that neutrophil activation and chemotaxis was a result of the presence 
of Wolbachia, since the chemotactic response of neutrophils was reduced by 50 - 
70% in the presence of ITo/^c/i/a-depleted female 0. volvulus compared to 
untreated worm extracts (Brattig et al., 2001). In addition, WSP-derived from 
Dirofilaria immitis exerted a chemokinetic effect on canine neutrophils (Bazzocchi 
et al., 2003). In Brattig’s study, 0. ochengi extracts from untreated cows stimulated 
IL-8 production from human monocytes and mononuclear cells (Brattig et al., 2001); 
but cell migration data was not collected, and this remains the only published in-vitro 
bovine cell stimulation data with respect to 0. ochengi.
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5.2. Results
5.2.1. Initial assay parameters
Using a Percoll® discontinuous density gradient (Section 3.3.3.3), it was possible to 
separate bovine granulocyte populations into eosinophil-rich and neutrophil-rich 
fractions (Figure 5.2.1). Eosinophil-rich fractions were either evident at the 1.092 g 
ml'1 band or the 1.100 g ml'1 band, whereas the neutrophil-rich fraction consistently 
pelleted (Figure 5.2.1). Next, a preliminary chemotaxis experiment using 
polycarbonate cell culture inserts (Nunc™) established that both bovine neutrophils 
[Figure 5.2.2 (a)], and eosinophils [Figure 5.2.2 (b)] required 8 micron pores for 
quantifiable chemotaxis.
A preliminary diffusion assay (Figure 5.2,3), followed by cell migration assays 
(Figure 5.2.4), enabled the establishment of the optimal incubation time. Testing two 
systems, it was found that diffusion of trypan blue occurred more rapidly through 
Millipore™ cell culture inserts, which reached a maximum diffusion score of 2 at 45 
minutes [Figure 5.2.3] before reaching a plateau. In comparison, diffusion was 
slower through Becton Dickinson™ cell culture inserts [Figure 5.2.3], reaching only 
partial equilibrium at 45 minutes before the plateau phase commenced. Complete 
equilibrium between chambers occurred after overnight incubation (data not shown). 
Cell migration assays (Figure 5.2.4) showed that neutrophil [Figure 5.2.4 (a)] and 
eosinophil [Figure 5.2.4 (b)] migration occurred after 1 hour in numbers sufficient 
for quantification.
Cell migration assays were then performed to establish reliable positive controls for 
neutrophils and eosinophils. Ten percent zymosan-activated serum (ZAS) was found 
to be a consistent chemoattractant for bovine eosinophils [Figure 5.2.5 (b); Figure
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52.6 (b)\ Figure 5.2.7]. Ascaris suum extract was also chemoattractive for 
eosinophils (Figure 5.2.6), but both recombinant murine eotaxin [Figure 5.2.6 (b); 
Figure 5.2.7] and Fasciola hepatica extract exhibited low potency or inconsistent 
effects [Figure 5.2.6 (b)]. In assays for reliable neutrophil chemoattractants, 
peptidoglycan was found to be ineffective. However, recombinant bovine IL-8 
showed a similar chemotactic and chemokinetic migration index to ZAS [Figure 
5.2.5 (aj]t and was selected as a reliable neutrophil chemoattractant.
Western blot assays were performed to confirm the depletion of Wolbachia in O. 
ochengi removed from antibiotic-treated cattle. These clearly showed a single band 
in both of the Wolbachia-positive worm extracts, which aligned with recombinant 
WSP and the 25 kDa high molecular weight marker band (Figure 5.2.8). This 
contrasted with the absence of a 25 kDa band in both of the Wolbachia-dQplQtQd O. 
ochengi extracts, as was also the case for the Wolbachia-nsg&tvvz species, Setaria 
labiatopapillosa (Figure 5.2.8).
5.2.2. Cell migration assays using filarial extracts
Following the refinement of the cell purification and migration assay techniques, 
three definitive experiments were performed using filarial extracts (figures 5.2.9; 
5.2.10; 5.2.11). The positive controls selected for bovine neutrophils and eosinophils 
produced broadly similar effects throughout these experiments. ZAS preferentially 
attracted eosinophils across all three experiments {p <0.001), and was significantly 
more chemotactic than chemokinetic in two experiments (Table 5.1). In contrast, 
while A. suum was also highly chemoattractive for eosinophils (p <0.001) on all 
three occasions, it was significantly more chemokinetic than chemotactic in two 
experiments (Table 5.1). Recombinant bovine IL-8 (rbIL-8) was significantly
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chemoattractive for neutrophils in two of the three experiments. The naturally 
Wolbachia-fvzz S. labiatopapillosa was significantly more chemotactic than 
chemokinetic across both cell types in two of three experiments, but displayed a 
preferential and significant (p = 0.020) trend towards neutrophil chemokinesis in 
experiment 5.2.10 (Table 5.1). For O. ochengi, although the neutrophil chemotactic 
index remained relatively constant over the three experiments for male worms [5.2.9, 
5.2.10, 5.2.11 (a)] at between 2 and 4, the overall neutrophil migration score for 
Wolbachia-Tpositwo. extracts was only significantly higher than that for eosinophils in 
experiment 5.2.11 ip = 0.001); while eosinophil chemotaxis was significantly greater 
than that for neutrophils in experiment 5.2.10, irrespective of Wolbachia status 
(Table 5.1). For female worms, one experiment showed higher levels of overall 
eosinophil migration compared with neutrophils, irrespective of Wolbachia content 
{p = 0.001); whereas chemotaxis of eosinophils was significantly greater than that 
for neutrophils towards Jfo/te/i/a-depleted extracts in two experiments (Table 5.1).
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1.092 1.100 >1.100
density (g ml'1)
neutrophils
eosinophils
Figure 5.2.1. Separation of bovine granulocytes using a Percoll51 
discontinuous density gradient. Data represent mean percent granulocyte 
composition (« = 6)
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|3 micron 
B 8 micron
m
heat -treated serum DMEM zymosan-activated
chemoattractant
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heat-treated serum DMEM zymosan-activated
serum
chemoattractant
pore size
13 micron 
|8 micron
Figure 5.2.2. Neutrophil (a) and eosinophil (b) migration through polycarbonate membranes 
containing either 3 micron or 8 micron pores (Nunc cell culture inserts, ThermoFisher 
Scientific), towards DMEM, DMEM containing 1% heat-treated serum or DMEM 
containing 10% zymosan-activated serum. Data represents mean ±1 SE (n = 6).
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•= 1-
time (minutes)
cell culture inserts
----- BD
----- MP
Figure 5.2.3. Time of diffusion of trypan blue in DMEM culture medium, 
through 8 micron cell culture inserts from Becton Dickinson (BD) or 
Millipore (MP). Equilibrium was scored by visual comparison. Range: 0 
= no visible diffusion; 1 = partial diffusion; 2 = maximum diffusion (but 
not complete equilibrium) into upper chamber.
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Figure 5.2.4. Bovine neutrophil (a) and eosinophil (b) migration towards 
chemoattractants after 1 or 2 hours. Granulocyte ratios of 99% 
neutrophils: 1% eosinophils (a), or 16% eosinophils:84% neutrophils (b), 
were used at a concentration of 1 X106 cells per well. All
chemoattractants were diluted in DMEM cell culture medium containing 
1% heat-treated serum. C h cm oat tractentr s were: DMEM: Dulbecco’s 
Modified Eagle Medium; ZAS: 10% zymosan-activated serum; PDG: 3 
pg ml'1 peptidoglycan; rmeotaxin: 10 ng ml'1 recombinant murine 
eotaxin; 0.1 pg mlA.suum. Bars show mean cell migration ± 1 SE (« = 
4).
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Figure 5.2.5, Figure 5.2.6 and Figure 5.2.7 are positive control data from 
three individual experiments.
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chemoattractant
Figure 5.2.5. Chemotactic (directional movement) and chemokinetic 
(random movement) migration indices for bovine neutrophils (a) and 
eosinophils (b) towards 10% zymosan-activated serum (ZAS), or 100 ng 
ml 'l recombinant bovine IL-8 (rbIL-8) in DMEM cell culture medium 
supplemented with 1% heat-treated serum. Migration indices were 
calculated by dividing the number of cells migrated in the presence of the 
chemoattractant by the number of cells migrated in DMEM alone. The 
granulocyte ratio was 40% neutrophils:60% eosinophils at a 
concentration of 5 x 106 cells ml'1. Bars show mean migration index ± 1 
SE for chemotaxis (n = 6) and chemokinesis (n = 4).
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Figure 5.2.6. Chemotactic (directional movement) migration indices for 
bovine neutrophils (a) and eosinophils (b) towards various extracts. 
Migration indices were calculated by dividing the number of cells 
migrated in the presence of the chemoattractant, by the number of cells 
migrated in DMEM alone. Cell populations (5 X106 cells ml'1) were 
100% neutrophils (blue bars) or eosinophil enriched [(59%), green bars]. 
Extract key: FhL, F. hepatica 1 pg ml1; FhH, F. hepatica 10 jig ml, 
AsL, A. suum 1 pg ml, AsH, A. suum 10 pg ml1; Exn, recombinant 
murine eotaxin 100 ng ml1. All chemoattractants were diluted in DMEM 
cell culture medium supplemented with 1% heat-treated serum. Error 
bars show mean migration index ±1 SE (w = 4).
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chemoattractant
Figure 5.2.7. Chemotactic (directional movement) migration indices for 
bovine neutrophils and eosinophils towards zymosan-activated serum 
(ZAS), peptidoglycan (PDG), and r/weotaxin. Migration indices were 
calculated by dividing the number of cells migrated in the presence of the 
chemoattractant, by the number of cells migrated in DMEM alone. The 
granulocyte ratio was 97% neutrophils:3% eosinophils at a concentration 
of 5 X 106 cells ml'1. All chemoattractants were diluted in DMEM cell 
culture medium supplemented with 1% heat-treated serum. 
Chemoattractant key: PDGLuf, unfiltered PDG 0.3 p ml'1; PDGLf, 
filtered PDG 0.3 pg ml'1; PDGHuf, unfiltered PDG 3 pg ml'1; PDGHf, 
filtered PDG 3 pg ml'1; ExnL, rmeotaxin 25 ng ml'1; ExnH, r/weotaxin 
100 ng ml'1. Bars show mean migration index ±1 SE (« = 4).
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neutrophils_________________________eosinophils____________ 
____________
neutrophils____________ 
eosinophils
5.2.11
(a)
20-
H 15-
(b)
20-
I chemotaxis 
I chemokinesis
fI J
rblL-8 OoMP OoMN OoFP OoFN
Figures 5.2.9; 5.2.10; 5.2.11. Bovine neutrophil (a) and eosinophil (b) 
responses to the neutrophilic positive control, recombinant bovine IL-8 
[(rbIL-8), 100 ng ml'1]; the eosinophilic positive controls zymosan- 
activated serum [(ZAS), 10%] and Ascaris suum extract [As (10 pg ml' 
')]; and filarial extracts from female Setaria labiatopapillosa (SF), 
Wolbachia-&&p\QiQ& male (OoMN) and female (OoFN) Onchocerca 
ochengi, and IVolbachia-replete male (OoMP) and female (OoFP) O. 
ochengi. All filarial extracts were used at a concentration of 10 pg ml'1. 
All chemoattractants were diluted in DMEM cell culture medium 
supplemented with 1% heat-treated serum. Granulocyte ratios were 50% 
neutrophils :50% eosinophils in 5.2.9 and 57% neutrophils:43% 
eosinophils in 5.2.10 and 5.2.11 (total cell concentration, 5 X 10b ml'1). 
Bar shows mean migration index ± 1 SE (n — 6) for chemotaxis or 
chemokinesis (except in 5.2.9, where w = 4 for chemokinesis data only).
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5.3. Discussion
5.3.1. Determination of assay parameters
In recent publications, the separation of bovine neutrophils from peripheral blood has 
been generally well described, but in many of these reports, the presence of 
eosinophils was regarded as a necessary contamination of otherwise pure populations 
of neutrophils. For example, eosinophils were seen in small numbers after the 
isolation of bovine neutrophils using biomagnetic beads (Soltys et al., 1999), but no 
further attempts were made to isolate eosinophils in the cell mixture. For our 
experiment, a 1:1 neutrophiheosinophil ratio was sought to ensure a consistent 
cellular composition, where the effect of chemoattractants on eosinophils would be 
apparent, since the natural granulocyte ratio in peripheral blood (i.e.y a very small 
proportion of eosinophils) may have masked any subtle effects. Although the 
successful and aseptic separation of bovine eosinophils has been described in older 
publications (Chambers et al., 1985; Riding and Willadsen, 1981), the method of 
collection and the reagents used throughout these procedures prevented scale-up 
within our laboratory.
Asepsis was also an important consideration for the experiments to avoid the 
aberrant migration of neutrophils towards contaminating bacterial products. 
Freiburghaus and Jorg (1990) reported the successful purification of bovine 
eosinophils using 6 litres of ifesh blood. Although these workers did not perform 
their protocol under aseptic conditions and we lacked the equipment to process this 
quantity of blood, we were able to withdraw 1 litre of blood aseptically using an 
adapted procedure used for blood transfusion purposes (Soldan, 1999). The initial 
centrifugation procedures were then scaled-down to obtain a large pellet of bovine
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granulocytes, from which eosinophils and neutrophils were successfully separated 
using a Percoll® discontinuous density gradient (Chambers et al., 1983). Using this 
hybrid method, we were consistently able to produce granulocyte populations 
containing sufficiently high numbers of eosinophils to seed >100 cell culture wells 
during the definitive experiments.
Bovine neutrophils were found to migrate through 5 pm pores after 30 minutes of 
incubation with bovine IL-8-containing bronchio-alveolar lavage fluid from 
Mannheimia haemolytica-mfQztQd calves (Caswell et al., 2001). Hallen-Sandgren 
and Bjork (1988) used 3 pm Millipore™ filters to quantify chemotaxis of bovine 
neutrophils towards complement-activated serum, and Chambers (1985) used 5 pm 
Millipore™ filters within a Boyden chamber for assays of bovine eosinophil 
chemotaxis. However, in a more recent study using ovine eosinophils, 8 pm pores 
were used in modified Boyden chambers to assess chemotaxis towards T. 
circumcincta and H. contortus (Wildblood et al., 2005). In our initial experiments, 3 
pm pores were found to be too small for quantifiable chemotaxis (Figure 5.2.2), and 
thus inserts containing 8 pm pores were selected. The pore size data were collected 
from an assay using Nunc™ cell culture inserts with polycarbonate membranes; 
however, subsequent evaluation of polyethylene terephthalate membranes 
determined that they had superior mechanical properties to polycarbonate, and this 
led to the decision to use Becton Dickinson Falcon™ cell culture inserts and plates. 
These were then superseded by Millipore Millicell cell culture plates to enable 
numerous assays to be conducted simultaneously, as this system required smaller 
working volumes.
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Cell migration assay times vary considerably between published protocols. Assays 
using human neutrophils and IL-8 performed over 3 hours reported that cell 
migration increased over 30 minutes but plateaued by 60 minutes (Erger and Casale, 
1995), and canine neutrophils migrated towards WSP within 1 hour of incubation 
(Bazzocchi et al., 2003). Bovine neutrophils became activated by ZAS (via shape 
change) within 5-10 minutes (Forsell et al., 1985) and by IL-8 within seconds or 
minutes, followed by migration within 30 minutes (J. Caswell (1999); and personal 
communication). In contrast, bovine eosinophils migrated towards ZAS over 1.5 
hours (Chambers et al., 1985). Additional consideration was given to the angle of the 
slope of the chemotactic gradient, which is reported to influence the orientation of 
neutrophils (Zigmond, 1977), and the possibility of significant cell death, which may 
occur when incubation times of over 60 minutes are used in neutrophil assays 
(Zigmond, 1977).
Our data showed that with the Millipore and BD systems, there was no visible 
diffusion of trypan blue into the upper wells, indicating that a steep chemotactic 
gradient was present for the first 30 minutes (Figure 5.2.3). At 45 minutes the trypan 
blue had diffused further into the upper well of the Millipore system, hence the angle 
of the chemoattractant gradient was lower, although complete equilibrium had not 
been reached. In the cell migration assay, the number of cells that had migrated after 
one hour of incubation was observed to decrease by two hours, which suggests that 
cell migration had peaked and cell death was beginning to have an impact by this 
time (Figure 5.2.4). This is consistent with a possible loss of cell adhesiveness, 
causing cells to fall into the lower chamber. Thus, the 1 hour incubation time was 
chosen as the optimum period to ensure a steep chemoattractant gradient while also 
limiting the possibility of cell loss.
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5.3.2. Determination of positive controls
Recombinant bovine IL-8 (rML-8) was selected for neutrophils, and ZAS and A. 
suum extracts were selected for eosinophil positive controls, respectively. Caswell et 
aL (1999) characterised rML-8 as a neutrophil-specific chemokine via in-vivo and in- 
vitro assays. In their in-vifro studies, /’ML-8 induced dose-dependent migration and 
activation of neutrophils, evidenced by shape change and development of 
pseudopodia. In contrast, eosinophil migration was rare, even when an increased 
eosinophil ratio was used (Caswell et al., 1999). These eosinophil data apparently 
contradict another report that showed eosinophil migration through synthetic 3 pm 
pores and through endothelium and epithelium in-vitro, occurring by 60 minutes 
after exposure to IL-8 (Erger and Casale, 1995). However, this response may only 
occur with eosinophils previously primed with IL-5 (Schweizer et al., 1994), Low 
numbers of eosinophils were also found to migrate into the ovine dermis following 
instillation of recombinant ovine IL-8 (Seow et al., 1994). In our study, positive 
control experiments showed that /*ML-8 elicited a similar chemotactic and 
chemokinetic effect to ZAS on neutrophils (migration index, ~2). In addition, two 
out of three definitive experiments indicated a significantly greater response to this 
chemokine in neutrophils relative to eosinophils (Table 5.1).
Peptidoglycan was selected as another potential neutrophil positive control for 
neutrophil migration because Wolbachia is known to synthesis peptidoglycan 
precursors (Henrichfteise et al., 2009). Peptidoglycan was demonstrated to 
specifically activate human neutrophils in a dose-dependent manner in-vitro via the 
TLR-2 pathway (Mattsson et al 2003); however, a very recent publication has 
provided evidence to the contrary (Iyer and Coggeshall, 2011). Two concentrations 
of PDG; (both 0.2 pm-filtered or unfiltered preparations were assessed, as polymeric
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insoluble particles may be more stimulatory (Barotciorbaru et al., 1985) were also 
evaluated as a positive control candidate for neutrophils, but did not cause as great 
an effect as rblL-S. Although bovine neutrophils store and secrete a PDG recognition 
protein that has been demonstrated to mediate the lysis of heat-killed bacteria (Tydell 
et ah, 2006), the chemoattractive properties of PDG have not been elucidated in this 
species.
Zymosan-activated serum has been shown to induce both bovine neutrophil (Caswell 
et ah, 1999) and eosinophil (Chambers et ah, 1985) migration in-vitro. Our positive 
control data showed that ZAS had a greater effect on eosinophils than neutrophils in 
two out of three preliminary experiments (Figure 5.2.5; Figure 5.2.6), and in all of 
the definitive experiments, this difference was significant (Table 5.1).
Ascaris sunm was shown to attract both eosinophils and neutrophils in to the bovine 
udder within 6 hours of instillation (Grewal and Babiuk, 1979), but the presence of 
neutrophils was thought to have been due to endotoxin present within the A. suum 
extract used. Although we did not test for endotoxin in any of our reagents, we found 
that A. sunm was a consistent and potent positive control for eosinophils and had 
relatively little effect on neutrophils (Figure 5.2.6; 5.2.9; 5.2.10; 5.2.11; Table 5.1).
Recombinant murine eotaxin was used as a positive control for the in-vitro 
chemotaxis of ovine eosinophils by Wildblood et al. (2005), inducing a ~1 log 
increase in eosinophil migration over the negative control when used at 100 ng ml'1. 
Our positive control data demonstrated a similar response of bovine eosinophils 
towards nweotaxin, A. suum and ZAS in one experiment [Figure 5.2.6 (£)], but not in 
a subsequent experiment, unlike ZAS that exhibited more consistent activity (Figure 
5.2.7).
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5.3.3. Granulocyte chemotaxis and chemokinesis in the presence of 
filarial extracts
Early chemotaxis studies determined that natural O. volvulus extracts were 
chemotactic (and to a lesser extent, chemokinetic) for human neutrophils, and that 
the effect was dose-dependent (Rubio de Kromer et al., 1998). Fractionation of the 
extract revealed two components that displayed chemotactic activity (with a 
threshold index >2), one with a high (>200 kDa) molecular mass and the other 
representing a very small protein or mixture (<12 kDa). Subsequently, O. volvulus 
extracts containing Wolbachia induced neutrophil chemotaxis in-vitro, in contrast to 
fFo/^ncft/tf-depleted worm extracts; this was also dose dependent, and peaked at a 
parasite protein concentration of 100 pg ml'1 (Brattig et al., 2001). The results from 
our study indicate that normal adult O. ochengi extracts are also chemotactic and 
chemokinetic for bovine neutrophils, to a similar degree as shown in the report by 
Rubio de Kromer [median chemotactic index ~2 in response to 10 pg ml'1 extract 
(1998)]. However, PFo/fcac/i/a-depleted worm extracts [confirmed via Western blot, 
Figure 5.2.8)] did not display consistently different properties with regard to the 
chemotaxis of neutrophils or eosinophils (Figures 5.2.9; 5.2.10; 5.2.11; and Table 5.1). 
Nonetheless, the definitive experiment data did show some commonalities between 
the responses to filarial extracts (Table 5.1). There were trends towards greater 
overall chemotaxis than chemokinesis {i.e., across both cell types) for S. 
labiatopapillosa and Wolbachia-pos\i\vQ female O. ochengi. For Wolbachia-wcgd^wc 
female O. ochengi, eosinophils tended to exhibit higher chemotactic indices than did 
neutrophils. A Zigmond-Hirsch checkerboard analysis (Zigmond and Hirsch, 1973) 
may have further elucidated the dynamics between chemotaxis and chemokinesis in 
response to the different chemoattractants.
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The expected result of a switch from neutrophilic to eosinophilic migration in the 
Wolbachia depleted assays (i.e., mirroring our in vivo data, chapter 6) was not 
evident. The reasons for the inconsistency in these results as well as the apparent 
contradiction with the study by Brattig et al (2001) could be due to a variety of 
factors. To decrease biological variation between assays, a single donor animal was 
used and blood was collected at the same time of day and via a consistent protocol. 
The selected donor animal was male to avoid granulocyte changes associated with 
oestrus. However, despite procedures to limit natural variation, blood parameters do 
change over time and this may be due to environmental factors (e.g. parasitic load, 
subclinical infections) or physiological fluctuations. In-vivo granulocyte priming 
from external factors could cause activation of neutrophils or eosinophils during the 
process of cell separation; however, this was not observed during viability tests, and 
an increase in the migration index in response to positive controls compared to 
negative controls suggests that the granulocytes had not lost an ability to respond 
further in vitro. In our experiments a high starting concentration of eosinophils was 
used, compared to the physiological concentration present in vivo. This was to ensure 
that in laboratory conditions, any effect on eosinophil chemotaxis would be apparent 
in the short incubation times, and to reduce the risk of “crowding-out” by 
neutrophils. However, because of the unknown effects that an unnaturally high 
concentration of one cell type may have on other cells within the system (fi'om 
physical or cell signalling influences), this should be recognised as a necessary 
compromise within the in-vitro experiment.
There are also important differences between our study and that conducted by Brattig 
(2001). In Brattig’s study, filariae were depleted of Wolbachia by a 6-week 
doxycycline treatment, and onchocercomata were removed 4 and 9 months after the
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end of treatment. This is in contrast to a 2-week, short intensive oxytetracycline 
regimen administered to O. infected cattle in our study, followed by the
removal of onchocercomata at 10 - 12 weeks post-treatment for our migration 
assays. The two regimens both produce Wolbachia-6&p\oX.Qd filariae; however, the 
residual level of bacteria and the composition of the worms5 tissues are likely to vary 
due to the differing lengths of treatment and the interval before nodulectomy. We 
specifically chose the 2-week regimen because although the worms become heavily 
depleted of Wolbachia, they can be unequivocally defined as filly viable, since 
Gilbert et al. (2005) demonstrated that Wolbachia recrudesce at 24 weeks following 
this treatment and the worms retain normal motility and metabolism. In addition, 
Brattig only used female O. volvulus for chemotaxis experiments (Brattig et al., 
2001), which are likely to retain a considerable residue of host material on their 
surface, and this could play a significant role in granulocyte modulation. Another 
key difference between our experiments and those of Brattig (2001) was that we only 
used non-gravid female worm preparations for both the Wolbachia-positwQ and - 
depleted extracts, rather than worms of uncharacterised reproductive status. We 
sought to control for gravidity to avoid two potentially confounding effects on our 
data. Firstly, since eosinophils have been found in association with microfilariae in 
O. volvulus onchocercomata (Wildenburg et al., 1996), the inclusion of intrauterine 
microfilarial extracts in our assays could have skewed the results. Secondly, 
tetracycline antibiotics lead to reduced levels of intrauterine microfilariae in adult 
females (Bandi et al., 1999; Hoerauf et al., 2000a; Hoerauf et al., 2000b; Langworthy 
et al., 2000), and thus effects attributed to Wolbachia depletion could actually result 
from reduced levels of embryonic stages or their degeneration.
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The concentration of chemoattractants can also influence the migration index of 
cells, as a low concentration can have little effect, whereas too high a concentration 
can cause cell stasis (Heit et ah, 2002). The WSP from D. immitis Wolbachia 
stimulated significant neutrophil chemokinesis, which reached a peak at a 
concentration of 25 ng ml'1 (Bazzocchi et ah, 2003). However, the use of crude 
parasite extracts seems to require a much higher concentration in order to elicit 
granulocyte migration. In a study using extracts of Strongyloides stercoralis, murine 
eosinophil migration was not different from the control wells until a concentration of 
1 mg/ml extract was used (Stein et al, 2009). For O. volvulus extracts, significant 
differences were reported between Wolbachia-vsytetQ and depleted worms at 
concentrations of 100 pg ml'1 and 150 pg ml'1, while a migration index difference of 
~1 was still evident at a concentration of 20 pg ml'1 (Brattig et al., 2001). A 
neutrophil migratory index range between 1.3 and 3.8 was reported in response to 
Wolbachia-XQQlQXQ O. volvulus for concentrations between 5 X 10'4 and 500 pg ml'1 
(Rubio de Kromer et al., 1998). In our preliminary experiments, we found that the 
neutrophil migration index towards O. ochengi extracts were between 1 and 1.5 for 
concentrations of 10, 50 and 100 pg ml"1 (data not shown).
5.3.4. Considerations for further investigation
Although the quantification of migrated cells adherent to the underside of the cell 
culture insert membrane is an accepted method for measuring chemotaxis and 
chemokinesis, Zigmond and Hirsch (1973) proposed that measuring chemotaxis via 
the leading edge method was more reliable, as this prevented cell detachment from 
the underneath of the membrane. Although we were satisfied that cell migration 
indices were not affected by cell loss, future work could compare these
quantification methods to identify possible discrepancies.
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To further reproduce the in-vivo environment, migration assays using granulocytes 
and serum from O. ochengi- infected animals could be performed. Cells and immune 
serum from infected animals are likely to possess immunological factors that would 
influence cell migration and more closely reproduce in-vivo conditions. However, 
King et al., (1983) reported that there was no difference in the chemotaxis of 
neutrophils from O. volvulus infected patients compared with uninfected individuals, 
and Rubio de Kromer (1998) reported significant chemotactic indices when using 
neutrophils from uninfected patients. Furthermore, the limited availability of 
laboratory equipment at the Ngaoundere field site in Cameroon severely limits the 
application of the cell separation protocol for migration assays using blood from O. 
oc/iewg-/-infected cattle. An alternative would be to collect immune serum and cells 
from UK cattle infected with O. lienalis or O. gutturosa; however, the fact that these 
filariae are not nodule-forming and thus not directly analogous to O. ochengi and O. 
volvulus could limit the relevance of this approach.
Male O. ochengi worms were included in our assays to exclude the potential effects 
of residual host material that adheres tightly to the cuticle of female worms. To 
further limit the possibility of mammalian contamination, and to specifically test 
granulocyte migration towards Wolbachia and their products, bacterial cells could be 
purified from insect cell-lines or filarial worms, as has been demonstrated in other 
studies (McGarry et al., 2004).
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6. The effects of treatment with oxytetracycline of cattle on
the cellular composition of Onchocerca ochengi nodules.
6.1. Introduction
Ex-vivo nodule cell population dynamics were studied within nodules removed 
during the longitudinal experiment, using cattle groups treated with macrofilaricidal 
regimens of either oxytetracycline or melarsomine (Cymelarsan®), and compared 
with untreated controls.
Previous work has elucidated that in the untreated individual, vast accumulations of 
neutrophils surround adult filariae within O. volvulus (Brattig et al., 2001) and O. 
ochengi (Wildenburg et al., 1997) nodules. In-vitro chemotaxis assays facilitated the 
demonstration of neutrophilic chemotaxis towards female O. volvulus extiacts, 
which as they were untreated, would have contained Wolbachia (Rubio de Kromer et 
al., 1998). Neutrophils were then demonstrated to be specifically attracted to 
Wolbachia, as evidenced by the lack of neutrophilic accumulation in the vicinity of 
worms removed from patients who had previously received a 6-week 
chemotherapeutic regimen of doxycycline (100 mg/day), thus resulting in the 
elimination of viable Wolbachia (Brattig et al., 2001).
The first quantitative analysis of cell populations within O. ochengi nodules removed 
from cattle receiving a non-macrofilaricidal SIR, or macrofilaricidal COM regimen 
of oxytetracycline revealed a stark shift in cell populations over time (Nfon et al, 
2006), which were temporally correlated with the depletion and repopulation of 
Wolbachia within worms observed in an earlier study (Gilbert et al., 2005). Taken 
together, these experiments suggest that the replacement of neutrophils with an
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influx of eosinophils is due to a decline in Wolbcichia rather than as a consequence of 
filarial damage. However, as only antibiotics were used in these experiments, the 
dynamics of cell populations during macrofilaricidal activity induced by a non­
antibiotic drug remained uncharacterised. Furthermore, because few time points 
were analysed, the study of Nfon et al. (2006) did not provide a comprehensive 
timeline of cell dynamics.
The current experiment sought to give further insight into the cell population shifts 
in nodules from animals that received a macrofilaricidal regimen of oxytetracycline, 
in comparison to nodules from animals receiving melarsomine (see Section 3.2); a 
drug which was demonstrated to have no specific effect on Wolbachia (see Section 
3.1), This was achieved by using larger groups of animals (n = 6) in comparison to 
previous studies (n — 3 - 6), and more frequent nodulectomies [9 time-points, 
compared to Nfon et al. (2006) with 4 and Gilbert et al, (2005) with 6]. Whole 
nodule transects (see Section 3.2.4) were studied microscopically and granulocytes 
were identified and digitally labelled to ensure accurate quantification.
6.2. Results
6.2.1. Effect of treatment on nodule granulocyte populations
Digital stitching of nodule sections facilitated evaluation of the nodule cross-section 
as a whole (Figure 6.2.1), prior to individual digital tagging of neutrophils and 
eosinophils (illustrated in Figure 6.2.2). Nodules from the control group consistently 
contained many sections of viable filariae (Figure 6.2.1) surrounded by a cellular 
infiltrate typical of O. ochengi [Figure 6.2.3 (h)], which were centrally dominated by 
neutrophils. Many of these cells were seen in close proximity or attached to worm
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cuticles, or intermingled with intensely eosinophilic material containing antibody- 
antigen complexes and tissue debris, known as Splendore-Hoeppli deposits (Hussein, 
2008) [Figure 6.2.3(6)]. Absolute granulocyte quantification revealed that 
neutrophils consistently outnumbered eosinophils in this group (overall median ratio 
= 0.004) which did not change significantly throughout the experiment (Friedman 
test: x2 = 5.6, p = 0.507). Eosinophils were typically scarce, if present at all, and 
were most commonly located around the periphery of the neutrophilic infiltrate 
[Figure 6.2.3 (a)].
A similar scenario was observed in oxytetracycline-treated nodules removed two 
weeks post-treatment (wpt), where healthy female worms containing microfilariae 
were surrounded by a rich neutrophilic infiltrate [Figure 6.2.4 (a)]; and also at 4 wpt, 
where neutrophils far outnumbered any other cells, including macrophages (a 
qualitative observation, as digital quantification of macrophages was outside the 
scope of this study) [Figure 6.2.4 (b)]. However by 8 wpt, absolute quantification 
revealed a decreasing trend in the neutrophil density [Figure 6.2.6 a (iii)], and 
eosinophilic infiltrates were observed in the vicinity of worm cuticles [Figure 6.2.4 
(c)]. At 12 wpt, digital quantification within transects revealed an increase in 
eosinophils [Figure 6.2.6 b (iii)], which were found forming layers adjacent to 
worms [Figure 6.2.3 (c) and (d)] and furthermore, were sometimes observed attached 
to the worm cuticle [Figure 6.2.4 (d-J)]. By 36 wpt, relative eosinophil numbers 
peaked [Figure 6.2.6 b (iii)], evidenced by a highly significant 275-fold increase of 
the eosinophikneutrophil ratio [Figure 6.2.6 c (iii); (Friedman test: %2 = 19.3, p < 
0.001)]. Macrophages were also present during this time [Figure 6.2.4 (d) and (e)]> 
and from 48 wpt, the nodule cytology assumed the appearance of a wound-healing 
response, characterised by the infiltration of fibroblasts, macrophages, lymphocytes,
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and the retention of moderate numbers of eosinophils. This was accompanied by 
worm disintegration and nodule resolution [Figure 6.2,4 (g) and (h)].
In the melarsomine group, eosinophils were observed in nodule transects more 
frequently than in the control group throughout the time course (Figure 6.2.5), and a 
modest increase was observed especially in nodules that were resolving [Figure 6.2.5 
(g)]> resulting in a slight upward trend in the eosinophil: neutrophil ratio [Figure 
6.2.6 c (ii)]. However, this was not statistically significant (Friedman test: % - 6.0, p 
= 0.473), and eosinophils were less commonly observed in layer formations or 
adherent to the worm cuticle relative to the oxytetracycline group. The cellular 
composition was mixed [Figure 6.2.5 (fl)], and the heavy neutrophilic infiltrate 
[Figure 6.2.5 (b)] decreased overall from 4 wpt to reveal an early granulomatous 
response consisting of macrophages, eosinophils, fibroblasts and plasma cells 
[Figure 6.2.5 (c)-(h)]. From 4 wpt, worm internal structures were compromised 
[Figure 6.2.5 (b)] and as the parasites were resorbed, the nodule area reduced 
markedly, leading to complete resolution of some nodules by 48 wpt.
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Figure 6.2.1. Complete cross-section of untreated 
onchocercoma. Image stitched from 4 quadrant sections 
photographed at 2x magnification. Worm sections (black arrow 
heads) are situated within a granulocytic cellular environment 
(circle); the nodule is enclosed within a thick fibrous capsule 
(black arrow). Scale bar 250 pm. Giemsa stain.
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Figure 6.2.2. Mixed granulocyte infiltrate adjacent to worm 
cuticle (arrow) within a tetracycline-treated nodule extirpated at 
8 wpt. Image annotated to quantify neutrophils (red 
arrowheads) and eosinophils (green arrowheads), which were 
digitally marked with red crosses or green stars, respectively. 
Giemsa stain. Scale bar 10 pm.
Figure 6.2.3. (following page). Annotated images to illustrate 
differences in cell populations within nodules from untreated 
controls [(a) and (b)] and tetracycline-treated animals [(c) and 
(d)]. (a) Transect stitched from images captured at 20 x 
magnification. Areas of red crosses (red arrowhead) illustrate 
neutrophilic infiltrate around healthy worms (black arrow). 
Open box indicates enlarged area [(b)]. Scale bar 250 pm. (b) 
Red crosses mark neutrophils adjacent to cuticles of healthy 
female worm (closed arrowhead) containing microfilariae (open 
arrowhead); or intermingled with Splendore-Hoeppli deposits 
(black arrow) Scale bar: 10 pm. (c) Stitched transect from 
tetracycline-treated nodule extirpated 12 wpt. Areas of green 
stars illustrate eosinophilic infiltrate (green arrowhead) around 
worms devoid of visible reproductive contents (arrows) Open 
box indicates enlarged area [(d)]. Scale bar 250 pm (d) Green 
stars mark eosinophils which have infiltrated into the treated 
nodule. Note lack of neutrophils. Scale bar: 10 pm. Stain: 
Giemsa.
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Figure 6.2.6. Granulocyte quantification within O. ochengi onchocercomata following [a(iii), 
b(iii), c(iii)] oxytetracycline or [a(ii), b(ii), c(ii)] melarsomine chemotherapy, or [a(i), b(i), 
c(i)] in the absence of treatment, (a) Transect neutrophil density (median and range), (b) 
Transect eosinophil density (median and range), (c) Eosinophihneutrophil ratios (median 
and range) The horizontal dotted line represents parity between the two cell types. n = 5 (i;ii) 
or 6 (iii).
128
6.3. Discussion
6.3.1. Comparison of the cellular infiltrate in Onchocerca spp.
chemotherapeutically treated to deplete Wolbachia
This section of the current study was designed to further investigate findings from an
experiment conducted by Nfon et al (2006), who performed complete quantitative
cytological analyses of oxytetracycline-treated O. ochengi nodules. Of the cell types
evaluated, only the granulocyte populations fluctuated in response to treatment, and
although other cells (e.g. macrophages, mast cells) were frequently present in treated
nodules, numbers either remained constant (as with macrophages) or varied with no
distinct patterns evident (Nfon et al., 2006). This information provided the
background for the specific quantification of granulocytes within our longitudinal
study.
The results from the oxytetracycline group in our investigation strongly support 
those reported from the study of Nfon et al. (2006), where the decrease of neutrophil 
numbers was linked to a depletion of Wolbachia. The Nfon et al. (2006) study 
showed that in the SIR and COM groups, eosinophils infiltrated into the nodule by 8 
wpt, and in some sections had outnumbered neutrophils by 12 wpt. At 48 weeks in 
the SIR group, neutrophils resumed predominance within the central zones of 
nodules; however in the COM group, neutrophils continued to be abated and the 
nodule composition was described as a wound-healing milieu, consisting of 
eosinophils, macrophages, fibroblasts, giant cells, plasma cells and lymphocytes. The 
influx of eosinophils was found to correlate with an earlier report that identified the 
virtual elimination of Wolbachia at 8 wpt in both COM and SIR groups; and 
subsequent recrudescence by 24 wpt in the SIR group only (Gilbert et al., 2005). 
Relatively late infiltration of eosinophils in the melarsomine group during our
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experiment indicates that these cells participate in the clearance of worm fragments 
and nodule resolution, in conjunction with other cells that are active during a typical 
wound healing response. In contrast, the much earlier recruitment of eosinophils in 
the oxytetracycline-treated group, suggests that these cells were attracted by a 
distinct mechanism as primary effector cells, as opposed to a component of a 
secondary response following worm death.
The highly neutrophilic infiltrate observed forming layers around filariae in O. 
ochengi control nodules in this investigation accords with previous descriptions of 
untreated O. ochengi (Wildenburg et al, 1997) and O. volvulus nodules (Brattig et 
af, 2001). These authors also observed that some worms reside in cysts with few 
inflammatory cells present, while others were completely surrounded by multiple 
layers of neutrophils, with fewer macrophages and giant cells also present. In O. 
volvulus, the cysts surrounding male worms and the anterior ends of female worms 
were found to contain defens ins, and thus were attributed to the neutrophilic 
environment. Furthermore, the cysts were hypothesised to contribute to the uptake of 
soluble nutritional factors by the worm and possibly to facilitate mating (Brattig et 
al., 2001). In our study, neutrophils were frequently present in close proximity to 
worms in control nodules, yet there were also areas around some worms that 
contained no cells at all. These areas could be cysts, but artefacts from nodule 
processing could not be ruled out, as the sections were not specifically stained for 
cell secretions.
6.3.2. Comparison of the cellular infiltrate around naturally
Wolbachia-x)Osii\\e and -negative Onchocerca spp.
lTb/6<7c/7/tf-depleted O. ochengi nodules in this study showed a similar cellular
composition to the aposymbiotic 0. flexuosa (Brattig et al., 2001), which in their
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natural state are densely infiltrated by eosinophils in the centre of the nodule 
(Wildenburg et al., 1997) and additionally in the capsule. In O. flexuosa nodules, 
neutrophils were absent (Brattig et al., 2001). This is a stark contrast to other nodule- 
forming non-motile filarial worms that regularly exhibit layers of neutrophils around 
living worms, such as O. volvulus in man (Brattig et al., 2001), (9. gibsoni in cattle 
(Wildenburg et al., 1997) and O. jakutemis in red deer. Moreover, nodules from deer 
co-infected with O. jakutemis and O. flexuosa nodules exhibited the same cellular 
differences, which effectively rules out host differences (Brattig et al., 2001).
Interestingly, the Wolbachia- replete (Neary et al., 2010) nodule-forming bovine 
Onchocerca armillata does not share a similar granulocytic nodular environment. In 
fact, many viable O. armillata worms have no surrounding inflammatory response at 
all (Neary et al., 2010). In some nodules, macrophages were seen close to the cuticle 
of dead and degenerating worms, with sparse neutrophils and eosinophils (except in 
older nodules where an increased prevalence of eosinophils was recorded). These 
remained peripheral, and granulocytes were never observed adhering to or 
degranulating on the worm cuticle (Neary et al., 2010). In addition, young O. 
armillata nodules contain an exudate, which is caseous in older nodules, and they are 
also commonly calcified (Atta el Mannan et al., 1984; Neary et al., 2010). In 
contrast, although old O. ochengi nodules from non-treated cattle are sometimes 
calcified as was seen in the current experiment, calcification was not associated with 
chronicity within treated nodules; rather these nodules became progressively smaller, 
before resolving.
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6.3.3. Evidence for a parallel scenario within O, volvulus
Longitudinal studies in humans are extremely limited due to reasons of ethics, 
compliance and cost. There are no publications to our knowledge that describe the 
cellular dynamics of O. volvulus nodules from the same patients over time (which 
highlights the importance of the O. ochengi model for long-term studies). However, 
snapshots of nodules removed from untreated O. volvulus patients were similarly 
found to display a strong neutrophilic infiltrate adjacent to live adult worms; in 
contrast to depleted neutrophil numbers in patients treated with 6 weeks of daily 
doxycycline, in which worm sections at 4 and 9 months after treatment were almost 
completely devoid of Wolbachia by immunohistochemistry [IHC (Brattig et al., 
2001)]. Nodules treated with doxycycline contained far fewer neutrophils adjacent to 
live worms, but neutrophils were evident together with macrophages and giant cells 
in the vicinity of worms that had died naturally (Brattig et al., 2001).
The phenotypic comparison of O. volvulus and O. ochengi suggest that the females 
of both species are sessile (Bain, 1981; Franz et al., 1987). Both species contain 
Wolbachia in their lateral hypodermal cords, and both attract a neutrophilic infiltrate 
in their natural states, which can be abrogated by tetracycline chemotherapy.
The results presented here, together with the data from other studies, illustrate that 
these viable, non-motile, nodule-forming Onchocerca spp. which contain Wolbachia 
are surrounded by neutrophils, and that the neutrophilic milieu decreases in 
synchrony with chemotherapy directed against Wolbachia, Furthermore, eosinophils 
are normally scarce and remain at the outer edge of the neutrophilic infiltrate. 
However, eosinophil numbers increase relatively early in nodules specifically 
depleted of Wolbachia, in contrast to the relatively late and statistically non-
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significant eosinophilia within nodules that were treated with a macrofilaricidal drug 
that does not exert a direct anti- Wolbachia effect.
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7. The effect of oxytetracycline treatment of cattle on the
expression of neutrophil and eosinophil-associated 
cytokines in Onchocerca ochengi nodules.
7.1. Introduction
Selected bovine transcripts were quantified using qRT-PCR from nodules removed 
during the longitudinal experiment, to determine the expression of granulocyte- 
related cytokines within nodules treated with oxytetracycline or melarsomine, 
compared with untreated controls.
The cytokine profile of O. ochengi nodules has not previously been reported; thus, 
the selection of cytokine targets was based on the limited data available for cytokines 
identified in O. volvulus nodules and in other animal models or in-vitro systems. In a 
groundbreaking study conducted by Brattig et al. (2001), untreated O. volvulus 
extracts were shown to induce greater amounts of TNF-ct from human blood 
monocytes and macrophages compared to cells cultured with Wolbachia-fvQQ 
extracts, which only produced low levels of TNF-a. Similarly, IL-8 production by 
monocytes and macrophages when incubated with untreated O, volvulus was 
increased by a maximum of 7-fold, compared to Wolbachia-dQplQtQd worms, and a 
comparable trend was reported in response to incubation with O. ochengi, in contrast 
to the Wolbachia-mgativQ A. viteae (Brattig et al., 2001). Further in-vitro assays 
showed that recombinant WSP from D. immitis stimulated the production of IL-8 
from canine neutrophils (Bazzocchi et al., 2003). However, as these assays were 
performed in-vitro, their relevance to filarial infection in vivo has yet to be 
established.
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Regarding the role of eosinophilic cytokines, eotaxin was shown to facilitate 
eosinophil recruitment into the skin of DEC-treated patients ex-vivo (Pearlman et al., 
1999), and into the peritoneal cavity of B. malayi infected mice in-vivo (Simons et 
al., 2005). Also in the B. malayi rodent model, IL-5 was shown to be instrumental in 
the differentiation of eosinophils and release into the circulation, whereas eotaxin 
was necessary for the recruitment of eosinophils into the tissues (Simons et al., 
2005). In addition, IL-5 was responsible for eosinophilia following injection of O. 
lienalis microfilariae in mice (Folkard et al., 1996).
Building upon our previous data revealing the cellular dynamics involving 
neutrophils and eosinophils in treated nodules, selected cytokine transcripts were 
measured using absolute quantification by qRT-PCR during the period of major 
granulocyte population shifts; z.e„ between 8 and 24 wpt (Section 6.2.1). Thus, the 
neutrophilic cytokines IL-8 and the GRO protein family, together with the 
eosinophilic cytokines IL-5 and eotaxin, were quantified and normalised against the 
bovine housekeeping gene 28S rRNA.
7.2. Results
7.2.1. Effect of treatment on the neutrophilic cytokines
The IL~8:28S rRNA ratio was significantly lower in nodules from oxytetracycline- 
treated animals compared with those from the control group (
Figure 7.2.1 (a)\ GLM repeated measures, Tukey’s post-hoc test: mean difference = 
-1.0 log, p = 0.010). This was in contrast to nodules from the melarsomine-treated 
group, where the ratio was not significantly different from that of the controls 
(Tukey’s post-hoc test: mean difference = -0.7 log, p = 0.107). The same trend was
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observed with the GRO:28S rRNA ratio, which was also significantly reduced in 
nodules from the oxytetracycline-treated group compared to control animals (
Figure 7.2.1 (b)\ GLM repeated measures, Tukey’s post-hoc test: mean difference = 
-0.7 log, p = 0.044),whereas this was not the case in the melarsomine-treated group 
(Tukey’s post-hoc test: mean difference = -0.4 log, ju = 0.296).
7.2,2. Effect of treatment on the eosinophilic cytokines
In contrast to the neutrophilic cytokines, there were no overall significant changes in 
IL-5 [Figure 7.2.2 (a)] or eotaxin [Figure 7.2.2 (b)1 expression between 8 and 24 wpt 
in either of the treatment groups when compared to the controls. For the IL-5:28S 
rRNA ratio, the mean difference between the oxytetracycline and the control groups 
was 0.03 log (GLM repeated measures, Tukey’s post-hoc test; p = 0.991), and for the 
melarsomine and the control groups it was 0.09 log {p = 0.918). For the eotaxin:28S 
rRNA ratio, the mean difference between the oxytetracycline and the control groups 
was -0.3 log (GLM repeated measures, Tukey’s post-hoc test; p — 0.814), and for the 
melarsomine and the control groups it was -0.5 log (p = 0.641).
The IL-8TL-5 ratio was significantly reduced within nodules from both treatment 
groups compared to the control group (Figure 7,2.3). For oxytetracyc line-treated 
nodules, the mean difference was -1.0 log (GLM repeated measures, Tukey’s post- 
hoc test; p = 0.005), and for the melarsomine-treated group it was -0.7 log, {p = 
0.034). Furthermore, the interaction between the IL-8:IL~5 ratio and time was also 
significant (GLM repeated measures, p = 0.004).
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7.2.3. Relationship between bovine cytokines and Wolbachia
There were statistically significant, modest or strong positive correlations between 
bovine IL-8 and Wolbachia copy numbers (Figure 7.2.4) throughout all three time 
points. The Pearson product-moment correlation coefficient was r = 0.624 (p = 
0.010) for 8 wpt [Figure 7.2,4 (a)]\ r = 0.572 (p = 0.020) for 12 wpt [Figure 7,2,4 
(b)\, and r = 0.708 {p = 0.002) for 24 wpt [Figure 7.2.4 (c)]. A similar pattern was 
evident for bovine GRO, which exhibited statistically significant, modest 
correlations when plotted against Wolbachia (Figure 7.2.5) at all time points except 
12 wpt (which showed a positive, albeit non-significant, trend). The Pearson 
product-moment correlation coefficients were: r = 0.625 (p — 0.010) for 8 wpt 
[Figure 7.2.5 (a)\, r = 0.452 (p = 0.070) for 12 wpt [Figure 7.2.5 (b)}\ and r = 0.699 
ip = 0.003) for 24 wpt [Figure 7.2.5(b)],
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Figure 7.2.1. Quantification of bovine transcripts (normalised against 28S 
rRNA) for the neutrophilic chemokines (a) interleukin-8 (IL-8) and (b) 
the growth-regulated (GRO) protein family in onchocercomata treated 
with oxytetracycline (n = 6) or melarsomine (n = 5), or in the absence of 
treatment (n = 5). Lines represent the mean ± 1 SE.
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Figure 7.2.2. Quantification of bovine transcripts (normalised against 28S 
rRNA) for the eosinophilic cytokines (a) interleukin-5 (IL-5) and (b) 
eotaxin in onchocercomata treated with oxytetracycline (n = 6) or 
melarsomine (n = 5), or in the absence of treatment (n = 5). Lines 
represent the mean ± 1 SE.
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Figure 7.2.3. Bovine lL-8:IL-5 mRNA ratios from onchocercomata 
treated with oxytetracycline (n = 6) or melarsomine (n = 5), or in the 
absence of treatment (n = 5). Lines represent the mean ± 1 SE.
Following Pages
Figure 7.2.4. Scatter-plot of bovine IL-8 mRNA against Wolbachia 16S 
rRNA transcripts from onchocercomata removed (a) 8 wpt, (b) 12 wpt 
and (c) 24 wpt. Points represent data for individual animals from all three 
experimental groups
Figure 7.2.5. Scatter-plot of bovine GRO mRNA against Wolbachia 16S 
rRNA transcripts from onchocercomata removed (a) 8 wpt, (b) 12 wpt 
and (c) 24 wpt. Points represent data for individual animals from all three 
experimental groups.
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Wolbachia 16S rRNA copy no. (log .v + 1)
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7.3.5 (a)
Wolbachia 16S rRNA copy no. (log .v + 1)
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7.3. Discussion
7.3.1. The role of neutrophilic cytokines and their relationship
with Wolbachia
The fact that IL-8 and GRO transcripts were significantly reduced in the
oxytetracycline group, with no significant change in the melarsomine group,
suggests that Wolbachia may be involved in their induction. In addition, the
statistically significant, positive correlation between the neutrophilic cytokines and
Wolbachia evident in all the experimental groups is compatible with this
interpretation. Treatment groups were combined for the analysis to increase the
sample size, as the alternative approach of combining data from different time-points
would have violated independence by using several observations from each
individual animal. Indeed, the conservation of the positive correlation between IL-8
or GRO and Wolbachia was to be expected across all experimental groups if a
dependent relationship was the case. It could be argued that confounding factors
such as nodule size may have influenced the correlation; however, there was no
significant correlation between Wolbachia 16S and bovine 28S rRNA copy numbers
(data not shown), indicating that the number of mammalian cells in the nodule and
Wolbachia levels were not conflated. In addition, WSP from D. immitis was
demonstrated to induce IL-8 production in canine neutrophils (Bazzocchi et al.,
2003), and isolated Wolbachia and Wolbachia-contmmng B, malayi extracts
stimulated direct production of TNF-a, macrophage inflammatory protein 2 and the
murine GRO orthologue, keratinocyte-derived cytokine (KC) by murine peritoneal
neutrophils in-vifro (Gillette-Ferguson et al., 2004). Furthermore, following
instillation of untreated O. volvulus worm extract into the murine cornea, Wolbachia
induced the production of CXC chemokines by resident cells via TLR-2 activation,
thus facilitating the recruitment of neutrophils (Gillette-Ferguson et al,, 2007). These
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data support the suggestion that a similar mechanism could operate in the O. ochengi 
nodule.
The significant decrease in IL-8 and GRO in oxytetracycline-treated nodules 
appeared to succeed, rather than precede, the reduction in neutrophils that was 
observed via histopathology in the oxytetracycline group from 8 wpt (section 6.2.1), 
as no marked reduction in chemokine levels was seen until 24 wpt. While other 
studies have shown that bovine IL-8 attracts and activates bovine neutrophils in-vitro 
(Caswell et al., 1999) and in-vivo (Mitchell et al., 2003), it is also the case that 
neutrophils can produce IL-8 (Bazzoni et al., 1991b) and GRO (Ryu et al., 2004) to 
perpetuate further neutrophilic activation and recruitment. Thus, although we have 
revealed a specific effect of oxytetracycline treatment on neutrophilic chemokine 
levels, we did not attempt to determine the cellular origin of IL-8 and GRO 
production, and nor could we distinguish whether their decline is a cause or effect of 
the decrease in neutrophil numbers.
7.3.2. The role of eosinophilic cytokines and their relationship with
Wolbachia
Although eotaxin has been identified as an important chemoattractant in dermal
(Pearlman et al., 1999) and ocular (Simons et al., 2005) manifestations of
onchocerciasis, and is known to attract bovine eosinophils in-viti*o (Vogel et al.,
2005), it was not found to be influential in the recruitment of eosinophils into the
oxytetracycline-treated O. ochengi nodule in our study. Similarly, IL-5 did not
appear to play a role in the recruitment of eosinophils into the antibiotic-treated
nodules, which was evident from 12 wpt from the histopathology data (section
6.2.1). The absence of any change in eotaxin levels is particularly surprising because
in filarial models, eotaxin appears to be associated with the recruitment of
144
eosinophils into the tissues (Pearlman et al., 1999; Simons et al., 2005) , whereas 
IL-5 drives the initial development of peripheral eosinophilia (Folkard et al., 1996; 
Limaye et al., 1991). However, eotaxin can also stimulate the release of eosinophils 
into the circulatory pool (Palframan et al., 1998), and both cytokines have been 
shown to synergise in-vivo to facilitate eosinophil accumulation (Collins et al., 
1995). The intrinsic limitations of qRT-PCR mean that cytokine upregulation can 
only be evaluated at the mRNA level. This method excludes the quantification of 
cytokines present at the protein level released from preformed granules within mast 
cells or eosinophils already present in the nodule; an omission that could be 
overcome by performing immunocytochemistry for cytokine targets as described by 
Persson et al (2003). Furthermore, bursts of cytokine expression may have been 
overlooked, due to the relatively long intervals between time-points, compared to the 
relatively short half-life of active cytokines (Hillyer and Male 2005).
7.3.3, Consideration of other potentially relevant cytokines
The neutrophilic chemokine ENA-78 was produced by mast cells and induced the 
migration of neutrophils into the airways of mice in a model of allergic airway 
inflammation (Lukacs et al, 1998). In the bovine, an ENA-78 homologue was 
secreted by alveolar epithelial cells in inflamed lung tissues, and was found to induce 
migration and activation of bovine neutrophils, causing shape change and 
aggregation (Allmann-Iselin et al., 1994). It has also been demonstrated that human 
eosinophils express ENA-78, which may recruit neutrophils to sites of inflammation 
(Persson et al., 2003). As ENA-78 has not been characterised in onchocercomata to 
date, it constitutes an interesting candidate for further studies of nodule cytokine 
expression.
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The mechanisms for the recruitment of eosinophils into the antibiotic-treated nodule 
deserve further elucidation. Other eosinophilic cytokines that could be instrumental 
in the recruitment of eosinophils include RANTES and IL-33. RANTES (together 
with eotaxin) was expressed by the dermal epithelium of onchocerciasis patients 
after ivermectin treatment, and was associated with eosinophil recruitment (Cooper 
et al., 2000). Furthermore, the increased expression of bovine RANTES from 
ovarian macrophages around the post-ovulatory period coincided with an influx of 
eosinophils into the bovine ovary (Aust et al., 1999). Although not primarily 
chemotactic, IL-33 has been shown to activate and extend the life of eosinophils in- 
vitro (Cherry et al., 2008), and can indirectly recruit eosinophils via the induction of 
eotaxin release (Matsuba-Kitamura et al., 2010). Homologues of both RANTES and 
IL-33 have been identified in the bovine genome (Zimin et al., 2009), and would be 
appropriate targets to further characterise the mechanisms of eosinophil recruitment 
in the O. ochengi nodule.
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8, Effect of oxytetracycline treatment of cattle on
eosinophil degranulation in Onchocerca ochengi
nodules.
8.1. Introduction
To compare the activation of eosinophils between treated animals and non-treated 
controls, semi-quantification of degranulating eosinophils was performed on nodule 
transects. In addition, to relate worm viability and reproductive status with the 
presence of activated eosinophils in treated or untreated animals, adjacent sections 
from ex-vivo nodules were processed to identify Wolbachia using IHC (targeting 
WSP), followed by Giemsa counterstain for the semi-quantitative analysis of 
eosinophil clusters.
Previously, the involvement of eosinophils in the active destruction of O. ochengi 
after Wolbachia depletion could only be inferred (Nfon et al., 2006). However, the 
design of our study enabled the semi-quantification of degranulating eosinophils 
concomitantly with the quantification of neutrophil and eosinophil populations 
(Section 3.2). Our data revealed that the cellular changes in the nodule were most 
pronounced between 8 and 24 wpt (Chapter 6), and these time-points were selected 
for a detailed study of clusters of eosinophils in association with specific worm 
features in adjacent nodule sections.
8.2. Results
8.2.1. Effect of treatment on eosinophil degranillation
An analysis of degranulating eosinophils on ex-vivo nodule transects, performed 
using a semi-quantitative scoring system, revealed a marked difference between
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melarsomine-treated and oxytetracycline-treated worms (Figure 8.2.1). In both 
melarsomine and control groups, the median degranulation score never exceeded 1 
(<1 degranulating eosinophil per worm section). Furthermore, there was no 
significant change over time in either the melarsomine-treated group (Friedman test: 
X2 = 4,9, p = 0.605) or the control group (Friedman test: x2 “3.9, p = 0.755). This 
contrasted markedly with the oxytetracycline-treated group, which displayed a 
statistically significant peak in degranulating eosinophils at 12 wpt (Figure 8.2.1; 
Friedman test: % = 11.9, p = 0.042). Furthermore, the maximum score of 3 (> 10 
degranulating eosinophils per worm section) was only ever assigned to nodules in 
this group, and moreover was consistently observed between 4 and 48 wpt.
8.2.2, Factors associated with eosinophil degranulation
Immunohistochemical staining for WSP in all sections between 8 and 24 wpt 
enabled the semi-quantitative assessment of Wolbachia-spQQ\f\Q precipitate (Figure 
8.2.2). As expected, Wolbachia was abundant in the lateral hypodermal cords and 
reproductive system of healthy, reproductively-active female worms removed from 
non-treated control animals [Figure 8.2.2 (a)]. Sections from the melarsomine- 
treated group also revealed intense staining for WSP, despite evidence of worm 
morbidity [Figure 8.2,2 (b)]. In contrast, there was a marked reduction in WSP 
staining, demonstrating a decrease in Wolbachia, in sections from the 
oxytetracycline-treated group [Figure 8.2.2 (c)\, although production of microfilariae 
and anatomically normal internal structures were still apparent in some sections.
The study of worms from non-treated controls (Figure 8.2,3) provided a reference for 
the structural characteristics that could be identified and compared across all sections 
using a simplified version of a form proposed by Striebel (1988), Control worms
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were found to exhibit a smooth turgid cuticle [Figure 8.2.3 (a)\ and the underlying 
hypodermis was uniform with nuclei present [Figure 8.2.3 (b)]. Wolbachia-SQQQifiz 
precipitate was present in the hypodermal cords and in the reproductive apparatus, 
and the presence of microfilariae (or other intact embryonic stages) provided further 
evidence of worm viability [Figure 8.2.3 (b)\. In contrast, worms that showed signs 
of morbidity exhibited a rough and broken cuticle, a vacuolated hypodermis and 
degenerating reproductive apparatus [Figure 8.2.4 (a)\ This degree of pathology was 
unusual for an oxytetracycline treated nodule at 8 wpt; however, although eosinophil 
infiltration had occurred, the cells were not adherent to the cuticle and in addition, 
there was no intense degranulation [Figure 8.2.4 (b)~\. Conversely, with 
morphologically-normal sections from the oxytetracycline group at 12 wpt (Figure 
8.2.5), a cluster of degranulating eosinophils was evident adjacent to the worm 
cuticle [Figure 8.2.5 (a)]. The placement of a digital zonal scale facilitated the 
spatial semi-quantification of factors related to worm viability that could influence 
the degranulation of eosinophils [Figure 8.2.5 (a)]. Deposition of eosinophilic 
granules was evident amongst the Splendore-Hoeppli material [Figure 8.2.5 (b)] and 
directly against the cuticle [Figure 8.2.5 (c)] of oxytetracycline-treated, but 
apparently viable, worm sections.
Eighty-nine per cent of eosinophil clusters (124 clusters) that met the inclusion 
criteria for statistical analysis (>10 eosinophils per cluster) were found in 
oxytetracycline-treated nodules. Comparison with semi-quantitative neutrophil 
scores in nodules removed at 8 wpt revealed a weak but significant negative 
correlation with degranulating eosinophils (Figure 8.2.6, Spearman’s p: n = 135,p = 
0.002). Also at 8 wpt, there were significant, positive relationships between the 
degranulating eosinophil score and a) the presence of worm sections in the
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microscopic field (Fisher’s exact test; p = 0.020); b) the proximity of worm sections 
(Spearman’s p\p = <0.001); and c) scores denoting normal morphological features in 
the worm sections (Table 8.1). However, there were no significant associations 
between degranulating eosinophils and intrauterine microfilariae. There were also no 
statistically significant relationships at the other two time points, since almost all 
worm sections were abnormal and thus the statistical power of the analyses was 
suboptimal.
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Figure 8.2.1. Semi-quantification of degranulating eosinophils in 
transects of O. ochengi nodules in (a) non-treated control, (b) 
melarsomine-treated or (c) oxytetracycline-treated animals. 
Degranulating eosinophils were scored per worm section on a four-point 
scale (0 = 0, 1 =<1,2= 1 - 10, 3 = >10). The shaded area represents the 
region bounded by the median and maximum scores.
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Figure 8.2.6. Correlation between degranulating eosinophil scores and neutrophil 
scores in sections removed at 8 wpt. Cases represent all regions containing clusters 
of >10 eosinophils and their peripheral zones within a 150 pm radius. Semi- 
quantitative-scoring system: +: scant, ++: few, +++: many cells observed.
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8.3. Discussion
The morphological evaluation of the health and reproductive viability of O. ochengi 
was based on the proposed evaluations tabulated by Striebel (1988), and simplified 
to enable accurate assessment while achieving a high throughput of sections. The 
evaluation of the cuticle and hypodermis was particularly significant, because as 
these structures were present throughout the length of all worms, their morphological 
status could be assessed in all sections. Early pathological signs are manifested by 
vacuolation of the hypodermis, but this can also be a sign of ageing (Copeman, 
1979). Fragmentation of the cuticle is reported to occur at a later stage of 
decomposition (Copeman, 1979); thus when taken together, these observations are a 
reliable indicator of worm morbidity (Striebel, 1988).
It is acknowledged that bias was a potential compromising factor with this set of data
because firstly, only sections between the time-points of 8 and 24 weeks were
processed. This was because the previous, detailed full quantification of granulocytes
from nodule transects removed at each time point revealed that the major changes in
cell composition were happening between these time-points. Secondly, we targeted
eosinophil clusters within each section, prior to the assessment of localized features
surrounding each cluster. A statistically more robust approach would have
encompassed the random assessment of sections, and recorded the cellular
composition and worm vitality within. However, because large eosinophil clusters
were almost exclusively found in the oxytetracycline group, the examination of
hundreds of microscopic fields would have been required to obtain a sample size
sufficient to elucidate the factors influencing eosinophil degranulation, and time
restrictions prevented this approach. Nevertheless, each section was screened ‘blind’
for the presence of eosinophil clusters, and the criteria for the assessment of worm
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vitality were standardized as far as possible. Furthermore, because the evaluation of 
worm vitality was assessed using a variety of features, a semi-quantitative approach 
was deemed reliable (Striebel, 1988), and thus non-parametric statistical tests were 
applied. Despite this, it is important to emphasise that our methodology could not 
eliminate the possibility that inter-animal variability {e.g., in immune reactivity) was 
responsible for the apparent relationships between eosinophil degranulation and 
worm vitality. For instance, if animals with potent degranulation responses had had 
greater numbers of reproductively-active worms within nodules before treatment 
began, this could have compromised the analyses.
The time-points examined represent “snapshots” of an in-vivo process which is 
finely orchestrated in the immune response to Wolbachia-dvplQtQd. worms. The 
results indicate that the 8 wpt time point was the most critical for eosinophil 
activation, as it preceded the degranulation peak (Figure 8.2.1). In the 
oxytetracycline treated group, morphologically-normal (and reproductively viable) 
worms were commonly observed at 8 wpt, in association with eosinophil clusters. 
This seems consistent with an increase in eosinophil chemotaxis and activation 
occurring towards normal, but ITo//iac/?/n-depleted worms, because eosinophils were 
not activated in the presence of already-damaged worms. At 12 wpt, eosinophil 
degranulation was at its peak in the oxytetracycline-treated group. Most worms 
observed showed signs of deterioration, indicating that eosinophil cytotoxic products 
were damaging the worm surface; but some worms were still morphologically 
normal (smooth cuticle and thin, unvacuolated hypo dermis) and were attracting 
degranulating eosinophils. Eosinophils observed in melarsomine-treated sections 
were not degranulating extensively, and oxytetracycline-treated worms that were 
depleted of Wolbachia and showed signs of internal degeneration did attract
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eosinophils, but they remained distal to the cuticle surface and did not degranulate as 
intensely. The lack of any significant associations between degranulating eosinophils 
and the measures of worm viability at 12 and 24 wpt was not surprising, as there 
were very few worms remaining with normal physiological features and thus the 
expected frequencies in the cross-tabulation analyses were extremely low.
Interestingly, eosinophilic adherence to structurally intact microfilariae has been 
reported before in onchocerciasis patients with localized hyper-responsiveness 
[sowda (Buttner and Racz, 1983)]. Moreover, in the same report it was noticed that 
in the region of degenerating microfilariae, there was eosinophilic material, but the 
main cellular type was the macrophage (Buttner and Racz, 1983). In patients with 
sodwa, neutrophils have been shown to be hyporesponsive (Rubio de Kromer et al., 
1995), and since nodules reduce in size and become infiltrated with eosinophils, this 
may represent the closest natural analogue of the immune response that is seen in 
oxytetracycline-treated individuals.
Eosinophil-parasite adherence was also reported after treatment with DEC, with 
eosinophils observed adhering tightly to microfilarial cuticles, accompanied by the 
deposition of granules onto the parasite surface (Racz et al, 1982). Their adhesion 
on to the surface of O. volvulus L3 may be mediated by complement (Wildenburg et 
al, 1996) or via parasite-specific receptors such as fibronectin receptors, which 
adhere to fibronectin on the larval epicuticle (Brattig et al, 1995). Eosinophils were 
also reported surrounding microfilariae in abundance within hours of topical 
application of amocarzine, but whether the initial attraction was to live or 
degenerated microfilariae could not be determined, as amocarzine was reported to 
exert damage to microfilariae within this timeframe (Gutierrez-Pena et al, 1998).
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In-vitro eosinophil adherence to live ascarid larvae has been reported in guinea pigs 
(Rockey et al., 1983), and for Brugia pahangi, complement-mediated eosinophil 
adherence and degranulation occurred on viable microfilariae ex-vivo when 
incubated with cat (Johnson et al., 1981) and rat (Chandrashekar et al., 1985) 
granulocyte populations.
Studies examining the effect of eosinophils in Echinococcus gi’anulosus patent 
infections suggested that eosinophils degranulate at the host-parasite interface, 
because the eosinophil granule products ECP and EDN were found in the hydatid 
cyst wall, and were also present inside the hydatid cysts (Ramos et al, 2006). 
Furthermore, the expression of compound exocytosis by eosinophils is thought to aid 
in the directed release of granule products towards an infected site, thus protecting 
host tissues from cytotoxic granule contents (Hafez et al., 2003). Directed 
degranulation could be the basis of the difference between the early eosinophil 
activation against viable worms as evidenced here, and the later involvement of 
eosinophils in the clearance of worm fragments, as reported in Chapter 6.
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9. Mechanisms of filarial killing by eosinophils in cattle
treated with oxytetracycline.
9.1. Introduction
The contribution of eosinophils towards filarial death was studied using electron 
microscopy, to evaluate eosinophil activation in relation to filarial cuticular damage. 
Quantitative assessment of nodule area was used as a gross indicator of worm 
viability, in addition to Wolbachia 16S rRNA:(3oGSTl a transcript ratios to assess 
the impact of macrofilaricidal treatment on Wolbachia depletion and filarial 
viability.
The in-vitro killing of filarial larval stages by eosinophils has been previously 
reported. Strote et al (1990) captured electron micrographs of eosinophils depositing 
their granules onto O, volvulus microfilariae and Greene et al (1981) demonstrated 
the activation and attachment of eosinophils to larvae. As these data were obtained 
in-vitro, however, and although they showed that larval killing was enhanced in the 
presence of immune serum, the role of eosinophils in filarial killing in-vivo could 
only be inferred. Histological evidence of larval killing in-vivo reported in the 
literature include the deposition of eosinophil products onto dermal microfilariae 
(Ackerman et al., 1990), and increased lymphatic infiltration of eosinophils 
concomitant with microfilarial degeneration (Racz et al., 1982; Wildenburg et al, 
1994) following filaricidal treatment. In a surrogate host, indirect evidence of 
eosinophil-mediated killing of microfilariae was also demonstrated via the delay in 
O. lienalis clearance in mice after the blocking of IL-5 (Folkard et al., 1996).
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In studies assessing the efficacy of vaccination against filarial infection, several 
reports have identified that eosinophils are critical in the immune response following 
immunisation with irradiated L3. In the chamber model of O. volvulus, there was a 
significant increase of activated eosinophils recovered from chambers within 3 days 
of larval challenge (Lange et al., 1994). Eosinophil infiltration was dependent on the 
presence of IL-4 and IL-5, and larval killing was only achieved when eosinophils 
came into contact with the larval surface (Lange et al., 1994). In another study in the 
same model, mice that were treated with antibodies to eliminate eosinophils were not 
able to mount an immune response post challenge, which led to increased parasite 
survival (Abraham et al., 2004). The elimination of IgE from this model also had a 
negative impact of eosinophil recruitment (Abraham et al., 2004). In L. sigmodontis, 
eosinophil-mediated larval killing post challenge was also identified in mice 
vaccinated with irradiated larvae, and a role for IL-5 was reported (Le Goff et al, 
2000a). A further study using irradiated L3 of A. viteae for vaccination in jirds 
identified a direct association between eosinophil activation, degranulation and 
cuticular disruption within 4 days of larval challenge (Bleiss et al., 2002).
Thus, while the role of eosinophils in the death of larval-stage filariae has been well 
documented, their effect on adult parasites is more controversial. In histological 
studies of O. ochengi, eosinophils were observed in oxytetracycline-treated 
onchocercomata, but their role in adult worm killing could only be inferred (Nfon et 
al., 2006). In the current study, relatively frequent nodulectomies of melarsomine or 
oxytetracycline-treated nodules facilitated the observation of the progression of 
eosinophil activation and filarial damage via TEM. The TEM processing of 
neutrophils and eosinophils fi-om respective enriched cell pools from bovine blood
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(Section 3.3.3.1) aided the accurate identification of cells in the the nodule images 
(Appendix 12,6).
9.2, Results
9.2.1. Effects of treatment on nodule size and bacterial and filarial
transcripts.
Gross observation of nodules during the longitudinal experiment indicated that 
treated nodules, in particular those in the melarsomine group, reduced in size after 
treatment. Measurement of section areas confirmed the observed trends, as the 
median nodule area gradually reduced during both the melarsomine and 
oxytetracycline treatments compared to untreated controls (Figure 9.2.1). The overall 
difference was statistically significant for the melarsomine-treated group [Figure 
9.2.1 (b)\ Friedman test: p — 0.012], but not for the oxytetracycline-treated group 
[Figure 9.2.1 (c)\ Friedman test: p = 0,096], although a similar trend in the size 
reduction was apparent.
The quantification of Wolbachia (16S rRNA) and filarial (OoGSTla mRNA) 
transcripts served to elucidate the effects of treatment on bacterial and worm host 
viability (Figure 9.2.2). Absolute quantification revealed a non-significant reduction 
of the expression of OoGSTla in both oxytetracycline and melarsomine-treated 
nodules, which approached the critical probability only in the melarsomine group 
(GLM repeated measures, Tamhane’s T2 post-hoc test, MEL v CON: mean 
difference = -2,3 log, p = 0.069). In contrast, 16S rRNA decreased significantly in 
both treatment groups when compared to the control group, and this was more 
extensive in the oxytetracycline group (GLM repeated measures, Tukey’s post-hoc 
test, MEL v, CON: mean difference = 2.1 log, p = 0.016; OXY v. CON: mean 
difference = -3.1 log,/? = 0.001).
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Extirpated nodules varied greatly in size and worm content throughout the 
experiment, therefore the ratio between the expression of filarial CtoGSTla mRNA 
and Wolbachia 16Ss rRNA was calculated to provide a more accurate assessment of 
the nodule content compared to the unadjusted transcript counts (Figure 9.2.2). The 
16S rRNA:OoGSTla ratio was significantly reduced compared to the control group 
in oxytetracycline treated nodules only (Tamhane’s T2 test: mean difference = -2.1 
log, p <0.001). Furthermore, this ratio was significantly lower in the oxytetracycline- 
treated group than in the melarsomine-treated group (Tamhane’s T2 test: mean 
difference = -2.4 log, p <0.001).
9.2.2. Effect of treatment on worm ultrastructure
At 12 wpt, filarial sections from the untreated control group invariably contained 
Wolbachia in their hypodermal cords [Figure 9.2.3 (a)\. In addition, worms were 
often found surrounded by a predominantly neutrophilic infiltrate [Figure 9.23(b)], 
The filarial ultrastructure remained normal, despite the close proximity of 
neutrophils to the cuticle [Figure 9.2.3 (c)], and the presence of exocytosed granules, 
which were observed frequently [Figure 9.2.3 (d)]. Filarial sections from the 
melarsomine-treated group also contained Wolbachia in their hypodermal cords at 12 
wpt [Figure 9.2.4 (a)]. A mixed cellular infiltrate was often observed surrounding the 
worms [Figure 9.2.4 (b)], which included eosinophils [Figure 9.2.4 (c)]. These 
granulocytes were observed flattened against the outline of the Splendore-Hoeppli 
deposits [Figure 9.2.4 (b)], and engulfing fragments of the material with 
lemellopodiae [Figure 9.2.4 (d)]. However, degranulation was infrequent in this 
group, as the cells were intact and there were few exocytosed granules [Figure 9.2.4 
(d)l
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At the same time point (12 wpt), the contents of the oxytetracycline-treated nodules 
appeared markedly different to those in the other experimental groups. The lateral 
hypo dermal cords featured evidence of Wolbachia degradation and depletion [Figure 
9.2.5 (a)]. Eosinophils were commonly observed adjacent to the cuticle, and they 
were also found inside the pseudocoelomic cavity [Figure 9.2.5 (b)]. These 
eosinophils were clearly activated, as pseudopodia were observed extending into 
cuticular invaginations [Figure 9.2.5 (c)], where cuticular deformation and thinning 
was evident [Figure 9.2.5 (d)]. Activation of eosinophils was also apparent by the 
polarisation and adherence of cells to the cuticular surface, and the foamy 
appearance of the granules which were in various stages of detachment from 
vesicular membranes [Figure 9.2.5 (e)]. On closer inspection, granule membranes 
were observed adhering to the cuticular surface coat [Figure 9.2.5 {$]•
Following page:
Figure 9.2.1. Section areas of nodules removed during the longitudinal 
study from fa) non-treated control, (b) melarsomine-treated and (c) 
oxytetracycline-treated animals. Lines represent the median; bars 
represent the range.
Figure 9.2.2. Quantitative gene expression of Onchocerca ochengi 
glutathione S-transferase la (OoGSTla) mRNA, Wolbachia 16S rRNA, 
and the 16S rRNA:OoGSTla ratio in onchocercomata from untreated 
controls, and oxytetracycline or melarsomine treatment groups at 8, 12 
and 24 wpt. Bars represent the mean ± SE.
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Figure 9.2.3. Ultrastructure of untreated control onchocercomata removed 12 wpt. (a) 
Abundant Wolbachia (white arrowhead) present in lateral hypodermal cords, (b) 
Predominantly neutrophilic (n) infiltrate adjacent to worm cuticle (cu) and Splendore- 
Hoeppli deposits (SH). (c) Intact neutrophil (n) in close proximity to worm cuticle (cu). (d) 
Elongated neutrophil (n) partly embedded in free granules (g); in close contact with 
morphologically normal cuticle (cu) and underlying hypodermis (hy). Scale bars represent 2 
pm.
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wpt. (a) Abundant Wolbachia (white arrowhead) in the hypodermal cords, (b) Mixed cellular 
infiltrate surrounding worm cuticle [macrophage (m); neutrophil (n)]. (c) Eosinophils (e) 
adjacent to Splendore-Hoeppli deposits (SH). (d) Eosinophil (e) flattened against Splendore- 
Hoeppli material (SH). Scale bars (a,c) 2 pm; (b) 10 pm; (d) 500 nm.
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Figure 9.2.5. Ultrastructure of nodules removed from the oxytetracycline-treated group 12 
wpt. (a) Wolbachia remnants in the hypodermal cords (white arrowhead), (b) Eosinophils (e) 
in the pseudocoelomic cavity of a female worm [note paired uteri (u)]. (c) The 
pseudopodium (p) of a degranulating eosinophil entering a cleft in the cuticle. Electron- 
dense (ed) granular material is indicative of granule deposits and the electron-lucent vacuole 
(v) reveals that degranulation has occurred (d) Electron-dense (ed) granule deposition on to 
the thinning cuticle (cu). (e) Vacuolated necrobiotic eosinophil (e) with hypodense granules 
(g), stretched along the cuticular surface, (j) Deposition of eosinophil granule (g) contents 
onto the cuticle (cu). Scale bars: (a,b) 10 pm; (c,e) 2 pm; (d,f) 500 nm.
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9.3. Discussion
A reduction in onchocercomata size in synchrony with worm degeneration and 
resorption, in addition to a decrease in OoGSTla mRNA transcripts in both 
treatment groups, indicated that worm death occurred after treatment with 
melarsomine or oxytetracycline. The rate of killing of the two filaricidal drugs was 
comparable to previous studies in the O. ochengi model. Tchakoute et al. (2006) 
reported that melarsomine caused total elimination of adult worms within 5 months 
post-treatment, evidenced by an extensive reduction in palpable nodules, plus nodule 
resolution and a complete absence of worm viability in all residual nodules examined 
microscopically. In addition, our results from the oxytetracycline-treated group were 
similar to earlier studies that showed a decrease in worm viability (using the MTT 
formazan reduction assay) from 3 months post-treatment, and mass resolution of 
nodules by 9 months post-treatment (Langworthy et al., 2000). Gilbert et al. (2005) 
reported a gradual decrease in nodule diameter after prolonged (COM) treatment 
with oxytetracycline, consistent with our results. Worm viability also declined 
gradually (assessed by MTT formazan reduction), with a considerable reduction 
from 12 wpt (assessed by motility scoring) in the COM treatment group (Gilbert et 
al., 2005).
Our data showed that in the melarsomine group, worm structure was clearly
compromised in histological sections from 8 - 24 wpt; thus, it was surprising that
OoGSTla did not decrease more distinctly at 24 wpt. Possibly, dying worms may
upregulate OoGSTla in an attempt to detoxify melarsomine before they are finally
killed, since glutathione S-transferases have a well-established role in the
metabolism of xenobiotics (Pemberton and Barrett, 1989). Nevertheless, when
compared as a ratio with Wolbachia 16S rRNA, it was evident that worm death was
171
not preceded by Wolbachia depletion in melarsomine-treated nodules. In contrast, in 
the oxytetracycline group, OoGSTla levels dropped markedly between 12 and 24 
wpt in accordance with a gradual loss of Wolbachia. This suggests that Wolbachia 
numbers may have fallen below a critical threshold required for worm survival; 
therefore, worm death due to endosymbiotic loss was apparent. However, the 
additional ultrastructural evaluation of nodules from the same time-points indicated 
that the mammalian host immune system actively participated in worm destruction in 
the oxytetracycline-treated group.
Electron microscopy was a powerful tool for the elucidation of eosinophil 
involvement in worm destruction. In the oxytetracycline-treated worms, eosinophils 
appeared to be activated and were observed adhering to the worm cuticle and 
releasing granule contents. Although eosinophils were also observed in 
melarsomine-treated nodules, they did not show signs of active degranulation and the 
integrity of the worm cuticle was maintained in their presence. This strongly 
supports the hypothesis that eosinophils contribute to worm death in-vivo after the 
depletion of Wolbachia by oxytetracycline chemotherapy.
In summation, our data indicated that in the oxytetracycline group, gradual 
Wolbachia depletion occurred. Once a critical threshold was reached, the worms 
were left vulnerable to attack by host eosinophils, which caused active destruction of 
their cuticles by cytotoxic granules. Thus, between 8 and 24 wpt, a range of worm 
states were observed. Worms at 8 wpt were typically morphologically normal, but 
were subjected to intense attack by activated eosinophils. In the subsequent time 
points, active killing became less common in parallel with a decrease in filarial 
vitality, and extensive cuticular damage had occurred. This led to the hypothesis that
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active killing was driven by signals from live intact worms that were depleted of 
Wolbachia. As worm vitality decreased (due to the degranulation of cytotoxic 
products), the worm signal diminished and eosinophil activation subsided, probably 
to curtail damage to host tissue from cytotoxic granule products.
Eosinophil granule contents are capable of causing severe damage to helminth 
structure. Major basic protein (Kephart et al., 1984), together with MPO from 
neutrophils (Gutierrez-Pena et al., 1996), have both been implicated in the killing of 
O. volvulus microfilariae following DEC chemotherapy, and ECP was discharged 
around microfilariae after amocarzine treatment (Gutierrez-Pena et al., 1998). In 
addition, MBP, EDN and ECP all contributed to the death of the larval stages of B 
malayi and B. pahangi in-vitro (Hamann et al., 1990). In Echinococcus granulosus 
cysts, ECP released by eosinophils in-vivo at the host-parasite interface reached 
concentrations that were considered sufficiently high to damage the developing 
parasites (Ramos et al., 2006).
Eosinophil products EPO and MBP were found to be fundamental in the immune 
response against L. sigmodontis in mice, as knockout mice for either of these granule 
proteins experienced higher worm burdens (and greater worm development) 
compared to wild-type mice (Specht et al., 2006). In addition, EPO and MBP were 
found to influence the cytokine milieu in infected mice. In EPO knockout mice, an 
increase in IL-5 and thoracic eosinophilia was evident after infection, and an 
increase in IL-10 production from macrophages was also observed. IL-4 production 
was also shown to be dependent on the presence of EPO and MBP (Specht et al., 
2006). Taken together, these results suggest that eosinophil granule proteins are an
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important source of cytotoxicity in larval clearance, but they may also modulate 
other immune mechanisms by influencing cytokine expression.
Published evidence suggests that eosinophil effectiveness is enhanced, if not 
necessitated, by other immune factors such as complement or immunoglobulin. For 
example, murine eosinophils have been observed killing newborn Trichinella 
spiralis larvae in-vitro in the presence of immune serum (Kazura and Aikawa, 1980). 
The in-vivo killing of Haemonchns contortus larvae within the abomasal tissue of 
their natural ovine host was also attributed to activated eosinophils (Balic et al., 
2006); and increased killing in the presence of complement, antibody and IL-5 in- 
vitro indicated that eosinophils exerted a more potent effect when primed (Rainbird 
et al., 1998).
There are relatively few reports of the anthelmintic effects of bovine eosinophils, 
especially in filariases. However, eosinophil-mediated damage of juvenile F, 
hepatica was demonstrated in-vitro in areas close to the parasite tegument that were 
not protected by an antigen-antibody flocculent coat (Glauert et al, 1985). 
Eosinophil degranulation was evidenced by the observation of electro lucent vacuoles 
appearing in the cytoplasm, and lamellipodia extended into tegumental pits on the 
parasites’ surface (Glauert et al., 1985), which is similar to our findings with 
oxytetracycline-treated O. ochengi. The specific granule protein implicated in the 
killing of juvenile F. hepatica was bovine MBP, not EPO (Duffus et al., 1980), 
which is surprising since EPO is more abundant in bovine eosinophils (Roth and 
Kaeberle, 1981). Bovine eosinophils are equipped with complement receptors 
(Grewal and Babiuk, 1979), but their status with regards to Fc receptors for IgE is 
unknown. If they do display appropriate antibody receptors, however, they may be
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capable of eliciting filarial damage in concert with complement and antibody, as has 
been reported for O. volvulus (Greene et al., 1981; Johnson et al., 1991).
Evidence for a host immune-mediated contribution to filarial death after 
anthelminthic treatment has also been reported previously in-vivo and in-vitro. 
Eosinophil-mediated microfilarial killing was reported in the lymph nodes of O. 
volvulus-infected individuals after DEC-treatment (Racz et al., 1982). Massive 
influxes of eosinophils were also observed in the lymph nodes of ivermectin-treated 
O. volvulus patients, concomitant with degenerating microfilariae which were 
surrounded by eosinophils that had released ECP and EPO (Wildenburg et al, 1994).
Eosinophils have been shown to be important effector cells in the establishment of 
protection in L. sigmodontisAnfQCtQdL mice. In a study by Martin et al. (2000), 
eosinophils were seen degranulating on live larvae within 10 days post infection of 
both wild-type and IL-5 transgenic mice (Martin et al., 2000). However the 
transgenic mice experienced a greater eosinophilic response, with 41 % of larvae 
damaged within one month of infection. Within two months post-infection, 
granulomas in these mice contained many eosinophils (as well as macrophages), 
which were found adherent to larvae. In addition, the recovery rate of adult worms 
was considerably reduced (Martin et al., 2000).
In addition to the well-illustrated role of eosinophils in the clearance of filarial 
larvae, there is also published evidence to support a role for neutrophils in the 
control of adult worms. In the L. sigmodontis mouse model, the encapsulation of 
adult worms within nodules was mediated by neutrophils (Al-Qaoud et al., 2000; 
Saeftel et al., 2001). These studies identified a role for IL-5 in the indirect activation 
of neutrophils via neutrophilic cytokines such as TNF-a (Al-Qaoud et al., 2000), and
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a role for IFN-y in the encapsulation and subsequent control of adult worms by 
neutrophils (Saeftel et ah, 2001). Furthermore, in these inflammatory nodules, 
neutrophils were the effector cells responsible for filarial death (Al-Qaoud et al., 
2000).
The apparent discrepancy regarding the involvement of neutrophils in the death of 
adult filariae within different systems may be due to a variety of factors. Within each 
system, adult worms show preference for different predilection sites within their 
hosts. For example, adult L. sigmodontis reside within the pleural cavity of murine 
hosts, whereas O. ochengi adults reside within intradermal nodules. In addition, there 
could be a relative difference in the functions of granulocytes in each system, since 
cell infrastructure and cytokine pathways are not always analogous between species. 
A further consideration is the relative chronicity of each parasite species. The long 
lifespan of O. volvulus and O. ochengi compared to Litomosoides may facilitate 
different mechanisms of immune tolerance, versus control when tolerance 
mechanisms are compromised. Lastly, mice are not the natural host of L. 
sigmodontis. It cannot be ruled out that any results from unnatural host-parasite 
systems may be aberrant and misleading (Meeusen and Balic, 2000).
The findings within this study are remarkable because our data indicate that in the 
natural host of O. ochengi^ eosinophils can be actively involved in the destruction of 
adult worms, which is in itself controversial (Meeusen and Balic, 2000). Adult 
female Onchocerca ochengi and O. volvulus filariae do not migrate, so they are not 
exposed to a continuously changing host tissue environment. Furthermore, larval 
filarial stages undergo moulting, and it has already been shown that eosinophils do 
not attack the L4 stage (Brattig et al., 1991), which suggests that different parasite
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stages express different antigens. Thus, perhaps the unique sessile lifestyle of the 
nodule-bound female worm permits attack from host eosinophils, subsequent to an 
initial compromise of the nodular environment following loss of the Wolbachia 
endosymbiont.
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10. General discussion and conclusion
10.1. The granulocyte switch leading to eosinophil activation and
degranulation is preceded by Wolbachia depletion in 
oxytetracycline, but not melarsomine-treated, O. ochengi 
onchocercomata
This study sought to elucidate the temporal changes in granulocyte migration and 
activation in Wolbachia-depleted O. ochengi, and identify some of the mechanisms 
by which these changes occur. The connections between the sustained depletion of 
Wolbachia and parasite death (Gilbert et al, 2005), and the association between 
Wolbachia depletion, neutrophil decline and eosinophil accumulation (Nfon et aL, 
2006) had already been established, and provided a platform upon which to advance 
via our experiments.
The identification of a macrofilaricidal drug that did not show a direct effect on 
Wolbachia was essential for use as a ‘positive control’. In a previous report, the 
involvement of eosinophils in the killing of )To/Z)ac/?/a-depleted worms could only 
be inferred because a non-’antibiotic macrofilaricidal drug was not used in parallel 
(Nfon et al., 2006). Thus, our study included a melarsomine-treated group, which 
was necessary to compare the role of eosinophils between worms depleted of 
Wolbachia and those killed by a direct mechanism. Tchakoute et al (2006) reported 
the anti-filarial activity of melarsomine in O. ochengi onchocercomata, but the 
specific effect on Wolbachia was not examined. Our data using the naturally 
Wolbachia-mfQctQd Aedes albopictus mosquito cell line unequivocally demonstrated 
that melarsomine exerted no direct effect on Wolbachia within this system. The 
results showed that Wolbachia numbers continued to increase, despite some
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evidence of host cell inhibition during melarsomine treatment, in contrast to early 
Wolbachia decline in the doxycycline-treated group.
Accordingly, similar non-deleterious effects on filarial Wolbachia were evident 
during the analysis of O. ochengi onchocercomata treated with melarsomine. 
Quantitative RT-PCR analysis of O. ochengi and Wolbachia mRNA transcripts 
revealed a reduction in Wolbachia density only subsequent to worm degeneration in 
the melarsomine-treated group. This was in contrast to an earlier reduction in 
Wolbachia numbers in the oxytetracycline-treated group.
Analysis of the temporal effects of melarsomine on filarial versus Wolbachia 
structures was an important consideration, because arsenicals can exhibit both 
antibacterial (Riethmiller, 2005) and antifilarial (Dickerson and Thompson, 1966) 
properties. In spirochaetes (and trypanosomes), arsenicals interrupt metabolism by 
binding with sulfliydryl groups within metabolic enzyme pathways (Eagle, 1939; 
Voegtlin, 1925). Their mechanism of action is thought to be similarly linked to 
metabolic inhibition in filariae (Bhargava et al., 1983) and indeed, in mammalian 
tissue (Voegtlin, 1925). Thus, a toxic effect on Wolbachia exposed after the lysis of 
host mosquito cells within a cell culture system could be expected. To ensure the 
gradual changes within treated Aa23 cell cultures were measurable, careful 
consideration was also given to the dose of melarsomine used, in order to avoid 
simultaneous obliteration of all cells. Our results showed that melarsomine had no 
direct toxic activity against Wolbachia.
The inclusion of melarsomine in the in-vivo experiment enabled the comparison of 
spatial factors relating granulocyte infiltration, worm viability and Wolbachia load. 
In the negative control group, neutrophils consistently outnumbered eosinophils and
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as expected, the ratio did not change significantly. However, in the oxytetracycline- 
treated group, neutrophils started to decline and eosinophils infiltrated as early as 8 
wpt; moreover, they were seen to degranulate extensively in the vicinity of viable, 
reproductively active worms. The maximum eosinophilic numbers were sustained 
between 4 and 48 wpt and the level of degranulation was much more intense than at 
any time in the melarsomine group. At 12 wpt, the median eosinophil degranulation 
score peaked, and was accompanied by severe ultrastructural (and probably 
irreversible) abnormalities in the worms in the oxytetracycline-treated group. A 
complete rupture of the cuticle was not observed via electron microscopy at 12 wpt, 
but a breach in the parasite defence was evident, as eosinophils were found in the 
pseudocoeiomic cavity. Although a sectioning artefact cannot be ruled out, it appears 
very unlikely because there was no evidence of tissue dragging or a more general 
loss of local structural integrity of the worm. More likely, it represented an 
occurrence of diapedesis through stomas such as the vulva, which could have 
occurred as a result of sustained damage to the worms’ normal barrier function.
An important observation was that lower levels of eosinophil degranulation were 
apparent accompanying worms that showed signs of damage, which strongly 
suggested that eosinophils migrated early and became activated as a result of 
Wolbachia loss rather than worm morbidity. Although an eosinophil influx was 
observed in the melarsomine group, it was not statistically significant and occurred 
very late in comparison with the oxytetracycline group. In addition, the late influx 
was accompanied by macrophages and was coordinated with worm fragment 
clearance and nodule resolution; thus, this was more consistent with the process of 
wound healing. This is not surprising, given the reported role of eosinophils in tissue 
remodelling and wound repair. Studies using hamster skin identified eosinophils as
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important contributors of cytokines such as TGF-a and (31 to the wound healing 
milieu (Wong et al, 1993). The secretion of TGF-(31 from eosinophils, as well as 
classical Th-2 cytokines such as IL-4 and IL-13, stimulated fibroblast activation and 
collagen synthesis in human atopic tissue (Phipps et al., 2002), in accordance with a 
wound healing setting.
The mode of action of other antifilarial drugs has been posited to be wholly or 
partially dependent on the host immune system. The macrocychc lactone ivermectin 
exerts a relatively fast filaricidal action on the larval stages in-vivo (Renz et al., 
1995). Ivermectin disrupts neurotransmission by binding to glutamate-gated chloride 
(GluCl) channels (Wolstenholme and Rogers, 2005), but the specific effect on 
filarial parasites is unclear. However, it is suggested that the mammalian immune 
system contributes towards microfilarial death in ivermectin-treated individuals, 
because in-vitro, a much higher concentration of ivermectin is required to cause 
comparable microfilarial damage (Bennett et al., 1988). In support of this, it has 
recently been demonstrated that ivermectin, via the inhibition of GluCl channels, 
disrupts the release of excretory-secretory proteins that may normally serve to 
modulate the host immune system (Moreno et al., 2010). These findings concord 
with earlier observations in ivermectin-treated patients, where damaged microfilariae 
collecting in the regional lymph nodes were vulnerable to host immune attack, and 
were surrounded by degranulating eosinophils (Wildenburg et al., 1994). Eosinophils 
were also observed attacking damaged microfilariae in O. volvulus nodules 
following ivermectin chemotherapy, alongside an increase of other immune effector 
cells such as mast cells, neutrophils and macrophages (Wildenburg et al., 1998), In 
addition, neutrophils were found to be activated after ivermectin treatment, indicated 
by elevated plasma elastase levels in treated patients (Njoo et al., 1993).
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Enhanced attachment of eosinophils and neutrophils to damaged microfilariae was 
also reported in the skin after treatment with DEC (Gutierrez-Pena et al., 1996), 
although in-vitro evidence supports a greater role for eosinophils (Medina-De la 
Garza et al., 1990). DEC requires components from the host immune system to cause 
microfilarial death, as the pre-treatment of eosinophils and not microfilariae with 
DEC increased eosinophil adherence rates towards this stage in-vitro (Medina-De la 
Garza et al, 1990). However, DEC is also thought to cause minor damage to 
microfilariae per se by inducing changes in their surface layers (Piessens and 
Beldekas, 1979).
Antibiotics have also been employed in the last decade for the treatment of filariases. 
The bacteriostatic effects of the tetracyclines have been known for more than seven 
decades [reviewed in Chopra and Roberts (2001)]. Tetracyclines inhibit protein 
biosynthesis within the bacterial cell by binding to the 30S subunit of the bacterial 
ribosome. The bacteriostatic mechanism is also effective against Wolbachia 
(Hermans et al., 2001), thus exerting an indirect negative effect on filarial vitality 
(Townson et al., 2006) that eventually results in worm death (Gilbert et al., 2005; 
Langworthy et al., 2000). Gilbert et al. (2005) demonstrated that a protracted, 
intermittent course of oxytetracycline was required to sufficiently reduce the 
Wolbachia load below a threshold required for O. ochengi worm survival in-vivo. In 
their study, only worms treated with a short intensive two-week course of 
oxytetracycline recovered in accordance with Wolbachia recrudescence, while 
worms treated for 2 weeks daily, then monthly for 5 months, decreased in metabolic 
activity and were dead by 9 months post-treatment (Gilbert et al., 2005). The 
Wolbachia threshold concept is consistent with our ex-vivo nodule transcript data, 
which revealed that in oxytetracycline-treated nodules at 12 wpt, Wolbachia 16S
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rRNA dropped to a level which was lower than OoGST (the marker used to 
determine worm viability). From this point forward, OoGST levels declined rapidly, 
indicating that the level of Wolbachia had dropped below a threshold that was 
compatible with worm viability. A similar pattern appears to be apparent in the 
treatment of O. volvulus, as a long (6-week) course of doxycycline is required to 
attain macrofilaricidal effects (Hoerauf et ah, 2008).
A contributory role of Wolbachia to the normal metabolism of the worm is a well- 
supported hypothesis, since the depletion of Wolbachia coincides with a decrease in 
worm vitality. The observation that filarial motility declined post-tetracycline 
treatment concurrently with a decrease in Wolbachia suggests that Wolbachia may 
contribute directly to the metabolic activity of the worm (Dangi et al., 2009; 
Townson et al., 2006). Dangi et al. also revealed that proteins important for cellular 
cytoskeleton integrity, and mechanisms countering stress were down-regulated in 
Wolbachia-tvQakQd worms (Dangi et al., 2009). Furthermore, gene transcription for 
proteins implicated in metabolic pathways and cuticular formation were down- 
regulated in tetracycline-treated B. malayi (Foster et al., 2005; Ghedin et al., 2009). 
In contrast, Strtibing et al (2010) showed that Wolbachia-&Qy>\QtQ& B. malayi up- 
regulated haem-binding proteins and subunits of respiratory chain complexes 
containing haem and riboflavin, presumably in an attempt to maintain respiratory 
homeostasis (Strubing et al., 2010). Thus, antibiotic treatment could impede any 
nutritional symbiosis afforded by Wolbachia (Foster et al., 2005). In this case, our 
results may indicate that the host immune effector cells play a role in the destruction 
of worms that are compromised via slow starvation of their nutritional dependencies.
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Nfon proposed that in 0. ochengi, worm damage following Wolbachia depletion 
involves the host immune system, as eosinophils infiltrated the nodule following 
Wolbachia depletion, but receded following Wolbachia recrudescence (Nfon et ah, 
2006). Doxycycline used at 100 times the minimum bactericidal concentration for 
Wolbachia [as determined in the Aa23 mosquito cell line (Hermans et al.} 2001)], 
was reported to elicit significant antifilarial activity against O, gutturosa in-vitro 
(Townson et al, 2006). However, in the same study oxytetracycline exerted no 
detectable activity against O. gutturosa (Townson et al., 2006). With our data using 
oxytetracycline, it is clearly apparent that the mammalian immune system 
contributes to the demise of Wolbachia-&wp\Qte& O, ochengi. Indeed, our cellular 
histology data are consistent with Nfon et al (2006), and in addition we confirmed 
the active involvement of eosinophils in mediating structural damage of O. ochengi 
subsequent to Wolbachia depletion.
10.2. The contribution of our data in the elucidation of cellular changes
within the oxytetracycline-treated O. ochengi nodule
Ex-vivo quantification of a selection of cytokines known to act upon granulocytes,
together with in-vitro bovine granulocyte cell migration assays, were performed to
further understand the mechanisms behind the cellular milieu inside untreated
nodules. The longitudinal nature of the in-vivo experiment, together with the high
nodule load and ease of extirpation, allowed the removal of two nodules at each time
point. Thus, the histological and cytokine parameters from the same animal at a
specific time-point could be evaluated together, to gain an overall insight into the
temporal changes during and after treatment. This is a particularly powerful
application of the O. ochengi model.
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To determine the relationship between the presence of Wolbachia and the infiltration 
of neutrophils, we collected ex-vivo transcript and histopathology data, and also 
performed in-vifro cell migration assays. Our ex-vivo cytokine data revealed that 
IL-8 and GRO production in the nodule was related to the presence of Wolbachia, or 
Wolbachia products, because transcripts for both chemokines decreased significantly 
in parallel with Wolbachia depletion in the oxytetracycline-treated group. This was 
in contrast to no significant change in the melarsomine or control groups. The data 
corroborates previous reports implicating Wolbachia in the up-regulation of 
neutrophilic cytokines. Recombinant WSP from D. immitis was shown to increase 
production of IL-8 when incubated with neutrophils from healthy dogs (Bazzocchi et 
al., 2003). Similarly, IL-8 and TNF-a were produced from monocytes and 
mononuclear cells from healthy human donors when incubated with Wolbachia- 
replete O. volvulus extracts, compared to ffo/^ac/na-depleted worms (Brattig et al., 
2001). A strong up-regulation of IL-8 was also observed upon incubation with 
untreated O. ochengi worm extracts (Brattig et al., 2001). In the B. malayi mouse 
model, in-vitro incubation studies revealed that the production of TNF-a and the 
chemokines MIP and KC from neutrophils increased significantly in the presence of 
Wolbachia-vsyltts worm extracts, in contrast to Wolbachia-dQp[Qte,& worms 
(Gillette-Ferguson et al., 2004).
Although the attraction of neutrophils towards Wolbachia (or Wolbachia products) 
using cell migration assays has been previously demonstrated in other species, our 
data are the first of O. ochengi. Consistent reports from King et al (1983) and Rubio 
de Kromer et al. (1998) confirmed that neutrophils were attracted towards O. 
volvulus microfilariae (King et al, 1983) and extracts of female macrofilariae in-
vitro (Rubio de Kromer et al., 1998). At this early stage, Rubio de Kromer et al.
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(1998) proposed that one of the chemoattractive proteins separated by Western blot 
belonged to Wolbachia. Later studies using Wolbachia-d^X^d O. volvulus extracts 
(Brattig et al., 2001), or recombinant Wolbachia surface protein from D. immitis 
(Bazzocchi et al, 2003), confirmed that Wolbachia or its products were indeed 
chemoattractive for neutrophils. Neutrophils were found to migrate towards O. 
volvulus extracts containing Wolbachia, but did not migrate towards worms depleted 
of Wolbachia via antibiotic chemotherapy (Brattig et al., 2001).
Results from our cell migration studies showed some comparable trends with those 
from previous publications. Our neutrophil migration data exhibited an average 
chemotactic index of ~3 for untreated male worms, and ~1.6 for untreated female 
worms, which was comparable to a chemotactic index of ~2 for female worms at an 
antigen concentration of 10 pg ml"1 in previous studies (Brattig et al., 2001; Rubio de 
Kromer et al., 1998). In addition, our data showed that there was a -50% decrease in 
neutrophil migration towards ffo/^nc/z/^-depleted female worm extracts which, 
although not statistically significant, is also consistent with data from Brattig et al 
(2001). However, no such trend was apparent between the Wolbachia-Y5$\&LQ and - 
depleted male worm extracts. Moreover, the naturally aposymbiotic filaria, S. 
labiatopapillosa, induced neutrophil chemoattraction to a similar degree to that 
observed with Wolbachia-positb/Q O. ochengi. Although male O. ochengi extracts 
were not included in previous studies, and therefore no direct comparison can be 
made with regard to in-vitro migration assays, neutrophils have been observed in the 
vicinity of male worms in the nodule (Brattig et al., 2001).
The reasons for the inconsistency between our results and those of previously 
published studies are probably due to differences in antigen preparation. To obtain
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Wolbachia-&Q\AQtzd material for the in-viiro assays, animals were treated with a 
short intensive regimen of oxytetracyciine. This was implemented to ensure that the 
recovered worms were still viable, despite their reduced complement of Wolbachia 
(Gilbert et al., 2005). Although this was an important precaution to exclude the 
effects of general worm degeneration, Wolbachia levels may not have been as low as 
was the case in the ex-vivo nodules after prolonged chemotherapy. Therefore, it is 
possible that the treated worm antigen retained sufficient Wolbachia products to 
attract neutrophils in vitro. Importantly, in the study of Brattig et al. (2001), the 
female worm extracts were obtained from nodules removed at least 4 months after a 
6-week doxycycline regimen, and thus residual Wolbachia levels may have been 
lower than in our in vitro assays. With regard to the possible differences between the 
responses to the male and female worm extracts, oocytes and embryos have been 
shown to be more vulnerable to the elimination of Wolbachia by tetracyclines than is 
somatic tissue (Ghedin et al., 2009). These authors and others have also hypothesised 
that worm gene expression following Wolbachia depletion may be affected 
differently between male worms and the female reproductive tract (Ghedin et al., 
2009; Heider et al., 2006). Thus, the differential effects of oxytetracyciine on the 
depletion of Wolbachia between male and female worms may be reflected in a 
difference in theft neutrophil chemotactic potency. However, perhaps the most 
important consideration is that a direct comparison between the in-vifro system and 
the actual events occurring within onchocercomata in vivo may not be valid due to 
substantial temporal differences. Changes in cell populations that occur over weeks 
or months in response to a gradual reduction in endobacterial density simply cannot 
be recreated in the laboratory.
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Taken together, our data support the evidence from other filarial models that 
Wolbachia induces the up-regulation of neutrophilic cytokines, and drives the 
infiltration of neutrophils. However, although Wolbachia share components in 
common with other bacteria that are known to induce a pro-inflammatory 
neutrophilic response, their intracellular distribution within the filarial host would 
seem to deny direct access to the mammalian immune system.
Wolbachia resides within filarial cells which in turn reside within the mammalian 
host; a ‘Russian doll’ effect. Despite this, there is evidence to show that mammalian 
immune cells do indeed come into contact with, and even phagocytose, Wolbachia. 
Wolbachia surface protein was detected in the phagosomes of activated neutrophils 
within the murine cornea as demonstrated by immunoelectron microscopy (Gillette- 
Ferguson et al., 2004). WSP was also detected in activated macrophages that were 
observed surrounding degenerating O. volvulus in nodules from patients treated with 
suramin (Brattig et al., 2004a).
The death of microfilariae after treatment with relatively rapidly-acting filaricidal 
drugs, in particular in heavily-infected patients, is followed by an immense release of 
Wolbachia, and this represents a significant challenge to the host immune system 
(Abasht et al, 2008; Cross et al, 2001). In DEC-treated lymphatic filariasis patients, 
the severe systemic reactions that were observed post-treatment were positively 
correlated with Wolbachia-\>os\i\v<z blood samples (Cross et al, 2001). A similar 
situation was evident in O, volvulus patients, as Wolbachia DNA was detected in the 
serum of DEC and ivermectin-treated patients (Keiser et al, 2002). In the ivermectin 
treated patients, an increase in TNF-a in correlation with Wolbachia DNA was 
reported, and peak DNA levels corresponded with the highest scores of inflammation
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(Keiser et al., 2002). The release of Wolbachia DNA into the circulatory system also 
occurs in O. infected cattle (Nfon, Trees & Makepeace, unpublished data).
Even in untreated individuals, there is evidence that Wolbachia represents a 
continuous antigenic stimulus. Since patients in hyperendemic areas of O. volvulus 
may experience microfilarial turnovers of up to 300,000 per day (Duke, 1993), the 
continued presentation of Wolbachia to host immune cells is inevitable. In addition 
to the release after natural worm attrition (Brattig et al, 2004b), the presence of 
Wolbachia within uterine fluid from female worms during parturition is highly likely 
(Schulz-Key, 1988; Taylor et al., 2001). Recently, Wolbachia surface protein has 
been identified independently of intact bacteria throughout B. malayi somatic tissues, 
including the cuticle, eggshells and within the pseudocoelomic fluid (Melnikow et 
al., 2011). Furthermore, Wolbachia proteins have been detected in the 
excretory/secretory products of cultured worms (Bennuru et al., 2009), and 
Wolbachia cells have been observed in the secretory canal lumen of B. malayi 
(Landmann et al., 2010). Taken together, the evidence suggests that despite its 
residence within the ‘protective’ confines of the filarial host, Wolbachia is 
continuously accessible to the mammalian immune system.
Accordingly, Wolbachia (or its products released into the host environment) are 
recognised by the mammalian immune system. Wolbachia-dQnvQd molecules such 
as WSP (and potentially GroEL) are recognised as pathogen-associate molecular 
patterns (PAMPs) via pathogen recognition receptors, principally Toll-like receptors, 
on host cells including macrophages and PMNs (Rollinson and Hay, 2008). Both 
TLR-2 and TLR-4 were required in the recognition of WSP by murine macrophages 
and dendritic cells incubated with D. immitis rWSP (Brattig et al., 2004b).
189
Furthermore, WSP was implicated in the migration of neutrophils into the murine 
cornea (Gillette-Ferguson et al,, 2004), and their recruitment and activation was 
mediated by corneal cells that produced neutrophilic chemokines upon stimulation of 
TLR-2 (Gillette-Ferguson et al., 2007). GroEL has been identified as a potential 
PAMP, as in lymphatic filariasis, the heat-shock protein was associated with the 
upregulation of IgG in patients expressing chronic pathology (Suba et al., 2007). 
Wolbachia-&sn\Q& diacylated lipoprotein (also known as peptidoglycan-associated 
lipoprotein, PAL) was also found to induce host inflammatory responses via the 
activation of TLR-2 and -6 in B. malayi infection in mice (Turner et al, 2009).
There is some overlap in TLR expression on the surface of eosinophils and 
neutrophils (Nagase et al, 2003), which is unsurprising since neutrophils express 
most (TLR-3 is a notable exception) of the TLRs identified to date (Hayashi et al., 
2003). However, the recognition of bacterial molecules such as diacylated 
lipoproteins (effects previously ascribed to peptidoglycan due to contamination) by 
TLR-2 on neutrophils but not eosinophils (Mattsson et al., 2003) concurs with 
evidence fi'om studies on the recognition of Wolbachia products by TLRs (Brattig et 
al., 2004b; Gillette-Ferguson et al., 2007; Turner et al., 2009). Thus, it is certainly 
feasible that in the nodule, Wolbachia play a role in the recruitment of neutrophils 
via TLR recognition.
Following the demonstration of a significant association between Wolbachia and the 
existence of a neutrophilic environment within O. ochengi nodules, we sought to 
identify the cytokine pathways that may facilitate the neutrophilic milieu. The ex- 
vivo transcript data suggested that neutrophils may be a key source of IL-8 and GRO, 
because the reduction in neutrophilic chemokine transcripts followed the decrease in
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neutrophils in oxytetracycline-treated nodules. Thus, the decrease in these 
chemokines was probably an effect of, rather than a cause of, the decline in 
neutrophil numbers. This agrees with data from Bazzocchi et al,, who reported that 
WSP stimulated IL-8 production from canine neutrophils (Bazzocchi et al, 2003).
It would follow, then, that a reduction of neutrophils would lead to a reduction in 
IL-8 within the nodule. However, because the decline in neutrophils was not 
preceded by a decrease in IL-8 or GRO transcripts, the mechanisms of initial 
neutrophil infiltration remain to be elucidated. Indeed, if IL-8 and GRO are involved 
in this process, then the initial source would presumably be a cell population other 
than neutrophils. This is entirely feasible, as both cytokines are produced by other 
cells, in particular macrophages and dendritic cells.
Macrophages have been implicated in the granulomatous response during early 
nodule formation of O. volvulus (Brattig, 2004a), and may even contribute to 
neovascularisation in the developing nodule (Attout et al., 2009). Macrophages also 
reside in relatively high quantities in untreated O. ochengi nodules (Nfon et al., 
2006). Furthermore, IL-8 (together with TNF-a) was produced from blood 
monocytes in response to Wolbachia-i'QplQtQ O. volvulus and also O. ochengi (Brattig 
et al, 2001). Therefore, it is possible that macrophages are indirectly responsible for 
the initial influx of neutrophils into the developing nodule via a positive feedback 
loop, especially as Wolbachia products have been implicated in the up-regulation of 
TNF-a (Brattig et al., 2001), and in turn, TNF-a can up-regulate GRO production in 
macrophages (Becker et al, 1994).
The neutrophilic environment within the normal onchocercoma may involve other 
cytokines and intermediary effector cells, or may even result from a direct
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chemotactic effect from Wolbachia products. ENA-78 is a potent neutrophilic 
chemoattractant produced by epithelial cells, monocytes and macrophages (Allmann- 
Iselin et al., 1994), in addition to eosinophils (Persson et al., 2003) and mast cells 
(Lukacs et al., 1998). ENA-78 represents an important candidate for further 
investigation, particularly because eosinophils (and a small number of mast cells) 
were observed scattered around the periphery of the neutrophilic infiltrate in control 
nodules. ENA-78 (Imaizumi et al., 1997), together with IL-8 and GRO (Shaik et al., 
2009), is reported to be secreted from vascular endothelium, which may be 
significant since the normal onchocercoma is also highly vascularised (Smith et al., 
1988).
Because of the recruitment of macrophages and neutrophils into the untreated 
onchocercoma, Wolbachia have been implicated in the initiation of a Th-1 response 
(Brattig, 2004a; Hoerauf et al., 2003b). Furthermore, Th-1 and Th-17 cells have been 
implicated in the progression of lymphatic pathology in bancroftian filariasis (Babu 
et al., 2009). Th-17 cells have also been suggested to contribute to immune-mediated 
pathology following Wolbachia PAL-mediated up-regulation of pro inflammatory 
cytokines by dendritic cells (Turner et al., 2009). If this is indeed the case, the 
production of Th-17 cytokines may in turn up-regulate the production of IL-8 from 
macrophages (Gu et al, 2008); and thus Wolbachia may indirectly drive neutrophil 
recruitment into the Onchocerca nodule via a potently pro inflammatory process.
Thus far, our data have revealed some of the underlying mechanisms of the typical 
cellularity of the normal Onchocerca nodule. Using our ex-vivo histopathology and 
transcript data, and the in-vitro cell migration assays with /^-depleted worm
extracts, we attempted to elucidate the immunological basis of the cellular switch in
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antibiotic-treated nodules. Because an influx of eosinophils is related to Wolbachia 
depletion in onchocercomata, we thought it relevant to test a purified eosinophil 
population within the in-vitro cell migration chamber system. We expected to 
observe an increase in eosinophil migration towards Wolbachia- depleted worm 
extracts, in parallel with our observations of ex-vivo events. No such consistent 
trends were observed, as eosinophil migration remained at an index of approximately 
2, however, chemotaxis of eosinophils to Wolbachia-mg&txvQ female worm extracts 
tended to be greater than that for neutrophils, which was not the case for Wolbachia- 
positive antigen.
Similarly, the ex-vivo analysis of IL-5 and eotaxin transcripts revealed no significant 
relationships between the influx of eosinophils and the levels of these cytokines. The 
completely novel nature of this aspect of the work for a nodular Onchocerca spp. 
prevents direct data comparisons. However, our results do illustrate that the cellular 
switch following the depletion of Wolbachia is a complex sequence of events, 
probably involving a symphony of immune signals that may involve a combination 
of direct activation of mammalian cells by Wolbachia and filarial PAMPs, together 
with autocrine and paracrine cytokine networks.
An incomplete representation of the nodule environment is the most likely reason for 
the lack of reproducibility of in-vivo events in the cell migration assays. If the 
gradual loss of Wolbachia is accompanied by a gradual decline in downstream 
chemokine signals in-vivo, eosinophil infiltration may take effect over weeks, so an 
equivalent influx of eosinophils would not be seen during in-vitro assays. In relation 
to the eosinophil cytokine quantification, the influx of eosinophils may be dependent 
on the reduction of neutrophils, z.e., a declining neutrophil population is a
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prerequisite for the eosinophil infiltration. If this were the case, then eosinophil 
infiltration into the nodule may not then be associated with an up-regulation of 
eosinophilic cytokines, and eosinophil migration may not occur without a prior 
signal indicating neutrophil decline. A limitation of ex-vivo cytokine profiling using 
mRNA transcripts is that only the precursors are quantified, rather than the product 
itself. Moreover, since preformed cytokines are present in granulocyte granules, 
including IL-8 in neutrophils (Pellme et al., 2006) and IL-5 in eosinophils 
(Dubucquoi et al., 1994), the difference between mRNA transcript quantification and 
the presence of cytokines in the nodule could be considerable. Thus, quantification 
of the protein end-products would be preferable and may give a more accurate 
insight into the actual presence of cytokines at a certain point in time; however the 
proteomic analysis of ex-vivo material was not within the scope of this study.
A major enigma with regard to the cellular composition of onchocercomata is the 
conspicuous absence of eosinophils. Eosinophils are traditionally associated with 
parasitic helminth infections, and have been shown to migrate towards 
chemoattractants produced by these pathogens. In-vifro chemotaxis assays were used 
to demonstrate the migration of ovine eosinophils towards T. circiimcinta and H. 
contortus E/S products (Wildblood et al., 2005), and bovine eosinophils towards an 
Ostertagia ostertagi secreted lectin (Klesius, 1993). Guinea pig eosinophils were 
shown to migrate towards homogenates of various parasites including A. stiwn, and 
Fasciola spp., but interestingly, not D. immitis (Horii et al., 1988).
Filarial worms possess or excrete molecules that have been reported to provide 
chemotactic signals for immune effector cells. For example, the cytokine 
macrophage migration inhibitory factor, discovered in the E/S products of B. inalayi,
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was found to inhibit the random migration of monocytes and macrophages in co- 
culture, but induced migration for these same cell types when located at a distance 
(Pastrana et al,, 1998), Chitin was found to induce the accumulation of eosinophils 
(and also basophils) in murine lungs post aspiration, and into the peritoneum post­
injection (Reese et al., 2007). However, in another study chitin was found to 
stimulate IL-17 production from macrophages, and cause tissue inflammation via 
pathways utilising TLR-2 and MyD88 (Da Silva et al., 2008). These apparently 
inconsistent results were attributed to proposed changes in the temporal effect of 
chitin; /.<?., inducing a Th-17 phenotype in acute stages, but possibly switching to a 
Th-2 phenotype during chronic infection (Da Silva et al., 2008). Chitin is an 
important constituent of the eggshells of O. volvulus (Brydon et al., 1987); thus, it 
could constitute a chemoattractant for mammalian host eosinophils, or even 
neutrophils. However, the adult worm cuticle is devoid of chitin, and furthermore, it 
has been shown to produce chitinase (Gooday et al., 1988), which is thought to aid 
egg formation and hatching. Nevertheless, the degradation of chitin via filarial- 
derived chitinase may serve to suppress eosinophilic chemotactic signals, since 
chitinase reduced eosinophil migration in-vivo (Reese et al., 2007) and in-vifro (Stein 
et al., 2009).
Eosinophils have been implicated in the destruction of helminths in-vitro, such as S. 
mansoni schistosemulae (Butterwoith et al., 1975) and juvenile F. hepatica (Duffus 
et al., 1980). Eosinophils were suggested as important effector cells in the killing of 
O. volvulus microfilariae: in the untreated nodule (Wildenburg et al, 1996), after 
ivermectin treatment (Korten et al., 1998), or even after immunisation with irradiated 
L3 (Abraham et al., 2004). Electron microscopy of the destruction of DEC-treated 
microfilariae elegantly captured eosinophil-parasite adherence and the subsequent
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degranulation of cytotoxic products (Racz et al., 1982). Furthermore, MBP (Kephart 
et al., 1984), ECP (Gutierrez-Pena et al., 1998) and MPO (Gutierrez-Pena et al., 
1996) have all been implicated in microfilarial destruction following DEC or 
amocarzine treatment.
The role of eosinophils in the killing of adult parasites is contentious, especially in 
natural infections (Meeusen and Balic, 2000). However, our electron microscopy 
data indicated that eosinophils do contribute to worm pathology via degranulation 
onto the filarial cuticle, but this was only ever observed in the oxytetracycline group. 
Thus, the question remains as to the reason why, despite their presence in the 
periphery of the untreated filarial nodule, eosinophils appear to remain quiescent 
until the depletion of Wolbachia and the decline of neutrophils?
As the reduction in neutrophils in the O. ochengi nodule occurs around the same 
time as the start of the eosinophil influx, perhaps the neutrophils play a role in the 
marginalisation of eosinophils in the untreated nodule. Neutrophil products may 
contribute towards the inhibition of eosinophil migration. Neutrophilic defensins are 
present within the cysts formed around the anterior ends of female worms and 
around male worms within the nodule (Brattig et al., 2001). The antimicrobial 
peptide, cathelicidin, is present in the Splendore-Hoeppli deposits surrounding much 
of the 0. ochengi cuticle (Armstrong, Wastling & Makepeace, unpublished data). 
However, published evidence indicates that these neutrophil products do not 
suppress eosinophil migration or activation. On the contrary, human cathelicidin 
induces the chemotaxis of both neutrophils and eosinophils (Tjabringa et al., 2006). 
There is, however, a report suggesting that small amounts of eosinophil EPO, when 
bound to neutrophils cause their aggregation due to increased adhesiveness between
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each other and the endothelium. Furthermore, the same study reported that binding 
of EPO to neutrophils inhibited its catalytic activity, which was thought to occur as a 
protective negative feedback mechanism (Zabucchi et al., 1990), Perhaps the low 
numbers of eosinophils that are observed within untreated onchocercomata may 
contribute similar regulatory factors to aid in the aggregation of neutrophils towards 
the centre of the nodule.
Reciprocally, a study of the relationship between neutrophils and eosinophils in rats 
infected with Mesocestoides cortii demonstrated that peritoneal neutrophils did not 
increase in response to glycogen stimulus in rats that had concurrent peritoneal 
eosinophilia (Cook et al., 1988). These authors suggested that in infected animals, 
the presence of an eosinophilic response impaired the infiltration of neutrophils 
(Cook et al., 1988). Although similar granulocyte relationships have not been 
reported since, and the study could not exclude confounding effects from other host 
cells or the parasites themselves, it may be possible that a similar event of 
eosinophil-driven neutrophil inhibition occurs in the fFb/^^c/zzo-depleted nodule.
Neutrophils may provide a physical barrier to eosinophils; however, the ability of 
eosinophils to diapedese through the endothelial wall (Yadav et al., 2003) renders 
this theory unlikely. It seems more likely that large aggregations of neutrophils may 
generate a cytokine ‘smokescreen’. This may serve to facilitate the positive feedback 
loop for the recruitment of further neutrophils, and to mask any eosinophilic signals 
from the worm itself. One study on neutrophil chemotaxis reported that in a situation 
where more than one chemotactic agent is apparent, neutrophils are able to decipher 
their way to an end-target chemoattractant such as C5a, in priority over intermediary 
chemokines such as IL-8 (Heit et al., 2002). This suggests a hierarchy of
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chemoattractants exists, where in a typical scenario involving multiple signals that 
are present simultaneously, neutrophils are able to prioritise their migratory path. 
This hierarchy is also present among the eosinophilic chemoattractants, where 
eotaxin was identified as an “endpoint” signal that had the capability of dampening 
the eosinophil response towards other chemoattractants (Schratl et al., 2006).
Our data helps to expose the complexity of the immune balance within the 
Onchocerca nodule, and the reason for this is probably because of the interaction of 
molecules from the bacteria, nematode and mammal. Thus, mammalian immune 
modulation could be derived from either, or both, of the two pathogens. The 
hypothesis of host immune modulation via filarial worm products is not new. 
Excretory/secretory (ES)-62, a protein secreted by filariae, was reported to skew the 
host immune response to a Th-2 type via the down-regulation of TFN-y and the 
inhibition of IL-12 (Goodridge et al., 2001). ES-62 is also reported to be present in 
B, malayi (Bennuru et al., 2009); an abundance of which was secreted by 
microfilariae. The high production of ES-62 in microfilariae may explain the link 
between eosinophils and microfilariae observed in the nodule (Wildenburg et al., 
1996). Immune modulation via Wolbachia products is also recognised. For instance, 
WSP up-regulates the expression of inducible nitric oxide synthase, which leads to 
an increased production of nitric oxide in mammalian macrophages (Morchon et al., 
2007). Nitric oxide, although toxic for bacteria and protozoa, was found to contribute 
towards immune tolerance by way of directed apoptosis of antigen-specific T cells, 
when cultured with B. pahangi microfilariae (Jenson et al., 2002). Thus, in filariases, 
it would seem that both the symbiont and the nematode may exert a synergistic 
strategy for facilitating a protected environment within their mammalian host, via 
immune modulation.
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There are four major arms of the acquired immune response that could be present in 
the filarial nodule: Th-1, Th-2, Th-17s and T-regulatory (T-reg) pathways. In general 
terms, Thl, Th2 and Thl7 negatively regulate each other, and T-reg cells can 
suppress all of the other subsets (Belkaid et al., 2006). The main paradigm for the 
immune response to helminth infections is a classical Th-2 response characterised by 
the involvement of eosinophils, basophils, and mast cells; and an up-regulation of 
Th-2 cytokines including IL-4, IL-5, IL-9, IL-10 and IL-13 (Diaz and Allen, 2007). 
Traditionally, the Th-2 response has been considered to be a host-protective response 
against the parasite. Indeed, the initiation of a Th-2 response does seem essential to 
the clearance of gastrointestinal nematodes (McKenzie et al., 1998). In the B. 
pahangi model, IL-4 was shown to limit the fecundity of maturing worms, as IL-4 
knockout mice harboured significantly more microfilariae in their peritoneal cavities 
than wild-type equivalents (Devaney et al., 2002). However, the manipulation of the 
host Th-2 response by nematodes has been proposed, as the tissue damage caused by 
degranulating eosinophils may be beneficial to the parasite (Wildblood et al., 2005), 
possibly for feeding or migration. This view has effectively been superseded by the 
emerging model of helminth-induced regulatory responses, which co-exist with the 
classical Th-2 pathway (Diaz and Allen, 2007; Gillan and Devaney, 2005). This 
coexistence of these pathways has been coined the “modified type 2 response”, and 
is characterised by a decrease in IL-5 accompanied by an increase in anti­
inflammatory cytokines such as IL-10 and TGF-p (Maizels and Yazdanbakhsh, 
2003).
Our results indicate that, in the natural O, ochengi nodule, there is little evidence of a 
classical parasite-mediated Th-2 response. Eosinophils, basophils and mast cells are 
scant, and IL-5 expression is low. However there is mounting evidence to indicate a
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regulatory milieu. Graham et al. showed that in O. ochengi infection, both Th-1 and 
Th-2 responses were down-regulated in synchrony with filarial maturation (Graham 
et al., 2001). Doetze et al reported a Th-3 response (also known as “natural” T-reg) 
in the mediation of the hyporesponsive form of human onchocerciasis (Doetze et al., 
2000). These reports agree with Taylor et al., (2005a) who demonstrated a role for 
T-reg cells in the survival of L. sigmodontis in mice. In addition, alternatively 
activated macrophages are associated with patent infections of X. sigmodontis 
(Taylor et al., 2006), and their down-regulatory influence on T-cell responses is 
associated with enhanced parasite survival (Hoerauf and Brattig, 2002). It is not yet 
clear whether macrophages in the onchocercoma are classically activated or 
alternatively activated, or whether there is a switch in activation associated with 
chronicity. However, recent research reporting the up-regulation of TGF-p from 
macrophages and T-cells in O. volvulus nodules implies that alternatively activated 
macrophages are present in the mature onchocercoma (Korten et al., 2010).
Although not traditionally associated with helminth infections, our data indicate a 
Th-1 or perhaps a Th-17 environment in the nodule. The accumulation of 
neutrophils, together with the presence of the pro-inflammatory cytokines IL-8 and 
GRO, are all associated with a role in inflammation, in common with a classical 
response to intracellular bacteria. Furthermore, Th-17 cells, via the release of IL-17, 
orchestrate and amplify neutrophil function in resistance against bacteria [reviewed 
by Fouser et al. (2008)]. IL-17 is associated with the induction of mediators that 
promote granulopoiesis and consequent neutrophil proliferation and accumulation 
(Pelletier et al., 2010). IL-17, together with IL-8, IFN-y, TNF-a, and granulocyte- 
macrophage colony-stimulating factor (GM-CSF), favour the recruitment, activation 
and prolonged survival of neutrophils at sites of inflammation (Pelletier et al., 2010).
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A potent IL-17 phenotype would also be consistent with the intense neutrophilia that 
we observed in untreated onchocercomata.
In a nodule which may contain a combination of immune pathways, there may be 
cross-talk and interference between each. For example, filariae that secrete products 
that would induce a typical Th-2 response may be 'lower down’ in a hierarchy of 
signals, and thus may be ‘drowned out’ by stronger signals from Wolbachia. A 
cytokine hierarchy would explain the mixed cellularity within the B. pahangi 
granuloma. In B. pahangi-miQoXQd jirds, a low level of IL-5 was present in 
granulomas, despite the presence of eosinophils close to adult worms (Rao and Klei, 
2006). However, macrophages and giant cells greatly outnumbered eosinophils in 
these granulomas, which were also found to express IFN-y. Furthermore, the 
cytokines TNF-ot and IL-6 were also secreted by antigen-stimulated granulomas in- 
vitro, and this may be attributable to the influence of Wolbachia within the B. 
pahangi extract (Rao and Klei, 2006). Thus, in B. pahangi granulomas, there is 
evidence of a mixture of signals, although the “consensus” is thought to be Thl- 
weighted (Rao and Klei, 2006).
Another possibility is that O. ochengi may be driving a T-reguIatory response within 
the nodule. As previously discussed, both Th-1 and Th-2 responses were down- 
regulated in accordance with maturation of (9. ochengi (Graham et al., 2001). In O. 
volvulus, FOXP3+ Treg cells were found to be strongly induced by dead worms in 
hyporeactive nodules (Korten et al., 2008). The observation of further upregulation 
of these cells in doxycycline-treated nodules suggested that the causation of the T- 
regulatory milieu was of filarial origin and not from Wolbachia, and moreover 
indicated that Wolbachia may dampen this regulatory response in the normal nodule
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(Korten et al.5 2008). A further study revealed that in O. volvulus nodules, the 
observed up-regulation of TGF-(3 is consistent with a role in Th-1 and Th-2 
suppression (Korten et al., 2010). However, the presence of neutrophils and 
macrophages close to filarial worms supports the suggestion of a Th-1 or Th-17 
weighted milieu. In addition, the accumulation of defens ins around adult female 
filariae further illustrates the localised activation of neutrophils (Brattig et al., 2001), 
and supports the hypothesis of a Wolbachia-mduo,^ Th-1/Th-17 cellular 
environment. Thus, although there is strong evidence to suggest an overriding T-reg 
milieu in the case of patent Onchocerca infections, this does not explain the intense 
neutrophilic environment found in the Onchocerca nodule. However, the fact that 
these neutrophils do not cause the localised necrosis and tissue damage normally 
characteristic of, for example, a staphylococcal abscess (Zhao and Lacasse, 2008), 
could be attributed to a regulatory influence.
In sowda patients, nodules are small, scarce, and highly eosinophilic; while adult 
worms are reduced in size and their numbers are low (Brattig, 2004a). Interestingly, 
a Th-2 response seems to dominate in these cases, since neutrophils become 
hyporeactive [as evidenced by a lack of response to fMLP (Rubio de Kromer et al., 
1995)], and an infiltration of mast cells and eosinophils occurs, together with the 
production of IgE (Korten et al., 1998). An increased frequency of a polymorphism 
in the IL-13 gene found in sowda patients (Hoerauf et al., 2002) supports the 
suggestion of a switch towards a Th-2-biased response in these patients. The 
hyperreactive effects seen in sowda patients may represent the best natural analogue 
of the cellular responses in the tetracycline-treated nodule. Hence, it is very 
interesting that in sowda, partial clearance of infection does occur (Brattig, 2004a),
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and that eosinophils have been linked to larval destruction in humans (Brattig et al., 
1991) and mice (Folkard et al., 1996).
Taken together, our data provides evidence to suggest that in the Onchocerca nodule, 
a Th-l/Th-17 weighted immune response is present, and that this is associated with 
Wolhachia. Changes in cell populations consistent with a Th-2-biased response are 
evident with the decline of Wolhachia, and these events occur when the worms are 
still viable. Furthermore, evidence from our study supports the notion that any Th-2 
stimulus from the filarial worm is overridden by a stronger WolbachialT\\-\ axis. 
Thus, when the symbiosis breaks down following oxytetracycline chemotherapy, a 
classical Th-2 response ensues, leading to worm destruction via the activation and 
degranulation of eosinophils.
10.3. The defensive mutualist role of Wolhachia in the Onchocerca
nodule - a variation on a theme?
In insects, Wolhachia exerts reproductive manipulative effects and seeks to 
maximise its own fitness, as it is vertically transmitted through the female germ-line 
only. For example, the sex-ratio distortion of the woodlouse Armadillidium vulgare 
towards females has been attributed to the effects of Wolhachia, which inserts a 
feminising factor into the Z heterochromosome of these arthropods (Juchault and 
Mocquard, 1993). Wolbachia-m&<\\<itQd male killing in the ladybird Adalia 
hipnnctata, and in the butterfly Acraea encedon, effectively removes any 
competition from growing males, thus conferring superior fitness on the females in a 
brood (Hurst et al., 1999). In Drosophila, the positive correlation between 
Wolhachia density and the expression of cytoplasmic incompatibility (Bourtzis et al., 
1996) ensures the perpetuation of the most successful colonising genotypes of the 
bacteria.
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Further to their role in reproductive manipulation, Wolbachia has demonstrated a 
variety of mutualistic traits in arthropods. Wolbachia (strain wMel) was found to 
confer antiviral resistance and tolerance against Drosophila C virus in both 
Drosophila melanogaster and D. simulans, and Wolbachia densities in these flies 
positively correlated with the level of protection (Osborne et al., 2009). In D, 
melanogaster> Wolbachia also provided resistance to two other RNA viruses, Nora 
virus and cricket paralysis virus (Hedges et al., 2008; Teixeira et al, 2008). Although 
the replication of Flock House virus was not inhibited as strongly in Wolbachia- 
infected flies, resistance to pathology associated with the virus was conferred 
(Teixeira et al, 2008). Partial resistance to infection with West Nile virus was also 
observed in the naturally Wolbachia-mfQctQd mosquito, Culex quinquefasciatns, in 
addition to D. melanogaster (Glaser and Meola, 2010). The resistance was abated in 
flies depleted of Wolbachia via tetracycline treatment.
In Asobara tabida wasps, PFo/te/zza-depleted females from infected populations 
either could not produce any eggs, or if they did, the larvae died soon after hatching 
(Dedeine et al, 2005). Moreover, in the springtail Folsomia Candida, Wolbachia was 
found to be essential for egg hatching, as individuals that were depleted of 
Wolbachia did lay clutches of eggs, but all were unviable (Timmermans and Ellers, 
2009). Interestingly, in the same study the author discussed the observation that there 
seemed to be a critical threshold of Wolbachia, below which the springtails were 
unable to reproduce (Timmermans and Ellers, 2009). In perhaps the most subtle 
Wolbachia symbiosis described in arthropods to date, a recent report described an 
obligate mutualistic dependency in D. paidistorum, manifested by low female 
fecundity and male-biased sex-ratio distortions in Wolbachia-mvQd flies (Miller et 
al, 2010). Moreover, Wolbachia depletion was found to influence female mating
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behaviour, triggering mate recognition mechanisms that led to avoidance of male 
flies carrying incompatible Wolbachia variants (Miller et al., 2010). Evidence is also 
emerging to support the role of Wolbachia as a nutritional mutualist in arthropods. 
Wolbachia was shown to provide the common bedbug Cimex lectularius with B- 
vitamins, as elimination of Wolbachia induced growth retardation and sterility in the 
host, both of which were compensated by the addition of oral B vitamin supplements 
(Hosokawa et al., 2010).
Wolbachia also appears to be vital in the contribution of nutritional factors in 
filariae. For instance, the genomic sequencing of B. malayi indicates (via absence of 
genes for specific metabolic pathways in each partner) that Wolbachia may provide 
the filarial host with riboflavin, haem and purines (Ghedin et al., 2007), in exchange 
for the amino acids biotin and folate required by the endobacterium (Foster et al., 
2005). The proposed nutritional dependencies of the host worm is certainly 
compatible with observations from previous studies of O. ochengi that demonstrated 
continued worm viability, but reduced motility, for some months after antibiotic- 
mediated depletion of Wolbachia (Gilbert et al., 2005; Langworthy et al., 2000). 
These observations may be consistent with chronic malnutrition associated with the 
depletion of Wolbachia below a critical threshold, but they do not explain the 
occurrence of activated eosinophils degranulating on viable worms, as was found in 
our study. However, these studies do challenge the hypothesis that the death of 
Wolbachia may cause a toxic effect on the worms, as a transient depletion of 
Wolbachia did not kill or permanently sterilise adult (9. ochengi (Gilbert et al., 
2005).
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In arthropod hosts, there is also evidence that the defensive mutualism phenotype 
may be generated by manipulation of the innate immune system. In an example of an 
unnatural Wolbachia infection, Aedes aegypti mosquitoes experimentally infected 
with the wMelPop strain showed a significant decrease in susceptibility to infection 
with B. pahangi, as evidenced by a reduction in filarial prevalence and intensity 
following challenge with microfilariae (Kambris et al., 2009). Intriguingly, wMelPop 
also conferred increased resistance to infection with Erwinia carotovora, a Gram­
negative bacterium which killed the Wolbachia-nQgdXivz strain, and an up-regulation 
of immune factors, including two forms of the antimicrobial peptide cecropin 
(Kambris et al, 2009). Further studies using Aedes aegypti co-infected with 
Wolbachia and dengue virus showed that Wolbachia excluded dengue virus from 
ommatidia cells of the eye, and also brain and fat tissue within the mosquitoes. In 
addition, these mosquitoes did not secrete dengue virus in their saliva, and viral 
protein synthesis was markedly reduced (Moreira et al, 2009).
Although the evidence for the role of Wolbachia as a defensive mutualist in 
arthropods is growing, the elucidation of the role of Wolbachia in fllariae must take 
into account its relationship not just with the filarial host, but also a third party, the 
mammalian host. This ‘Russian doll’ scenario is also apparent in some arthropod 
species however, and thus parallels can be drawn with the immunomodulation of the 
third-party host. For instance, Wolbachia infecting the larvae of the leaf-mining 
moth Phyllonorycter blancardella manipulates the cytokinin levels of the plant host 
to produce photosynthetically-active green patches on otherwise senescent leaves, 
thus providing food for the larvae during autumn (Kaiser et al, 2010). Similarly, 
Wolbachia within larvae of the root-feeding beetle Diabrotica virgifera virgifera
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causes the down-regulation of maize defence genes, including chitinase, defensins 
and lignin, when infected larvae feed on the plant roots (Barr et al., 2010).
Given the massive diversity and complexity of the effects of Wolbachia between 
species, added to the various immune challenges presented at each stages of the 
filarial lifecycle, it would be short-sighted to assume that Wolbachia confers the 
same immunomodulatory effect throughout the worms’ life. Indeed, in the 
remarkable partnership between the entomopathogenic nematodes and their 
endosymbionts, each key lifecycle event is exemplified by different mutualistic 
interactions that elegantly ensure the optimum outcome for the symbiotic partners. 
For example, the insect parasitoid Steinermma and its endosymbiont Xenorhabdus 
work together to subvert the insect immune system, via mechanisms such as the 
suppression of melanisation via the liberation of LPS. After insect death, 
Xenorhabdus bioconverts the contents of the cadaver to furnish the nematode with 
the nutrients needed for growth and reproduction, concomitantly preserving the 
cadaver via the production of antimicrobial compounds. This ensures that maximum 
nutritional resources are available to its future vehicles; /'.e., the brood of juvenile 
Steinernema (Koppenhofer and Gaugler, 2009).
In contrast to the intricate studies on entomopatho genic nematodes, little is known 
about the effects of Wolbachia during the larval stages of filarial infection. However, 
a recent publication on L. sigmodontis L3 reported that Wolbachia may modulate the 
host immune system to generate an environment that facilitates initial larval entry 
and migration. Wolbachia was found to mediate the recruitment of mast cells, which 
in turn increased vascular permeability via histamine release (Specht et al, 2011). 
Instillation of cromolyn to inhibit mast cell release of histamine via degranulation
207
effectively resulted in a decrease in the filarial load. Furthermore, mast cells were 
not activated in infections using ffo/Zinc/i/n-depleted worms (Specht et al.s 2011). 
Importantly, the same study identified CCL-17 as a potentially protective 
chemokine, and this molecule was reported to be produced by T-cells in response to 
filarial infection (Soboslay et al., 2006). CCL-17 knockout mice experienced a 
fourfold increase in micro filarial load, concomitant with an increase in tissue damage 
and vascular permeability from mast cell activation (Specht et al., 2011).
In W. bancrofti, new information regarding the possible immunomodulatory role of 
Wolbachia is coming to light. Shiny et al. observed that Wolbachia heat-shock 
protein-60 may contribute towards immune tolerance via the suppression of classical 
T-cell activation, in favour ofT-regcell activity (Shiny et al., 2011a). Furthermore, 
in microfilaraemic patients and those experiencing chronic pathologic 
manifestations, rWSP was reported to suppress lymphocyte proliferation and 
increase production of the T-reg-associated cytokines IL-10 and TGF-fb when 
compared to endemic normals (Shiny et al., 2011b). Since IL-10 modulates TLR- 
induced cytokine-production by human monocytes and dendritic cells (Hartog et al., 
2011), perhaps Wolbachia may be capable of down-regulating the immune response 
that initially recognises it.
The down-regulation of classical T-cell responses by Wolbachia or its products is yet 
another example of the diverse immunomodulatory effects that it can exert on the 
invertebrate or mammalian host. However, it is unclear whether a Th-1-suppressing 
effect from Wolbachia is consistent with our hypothesis. Indeed, if this were the 
dominant effect evident in the Onchocerca nodule, any neutrophil stimulus from 
Wolbachia would presumably be mitigated. Thus, the differences in the way
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Wolbachia exerts its immunomodulatory mechanisms may lie in the worm habitat, 
because the unique neutrophilic infiltration occurring so densely around sessile 
worms is only evident in the nodule-forming, Wolbachia-xvpXQts species (Brattig et 
al, 2001; Wildenburg et al., 1997). In contrast, in O. flexuosa, the only nodule- 
forming aposymbiotic filarial species known to date, the cellular composition 
adjacent to worms represents an example of a classical anti-helminthic Th-2 
response, constituting many eosinophils (Wildenburg et al, 1997) and also giant 
cells (Brattig et al., 2001). Of further interest is that O, flexuosa once harboured 
Wolbachia, as evidenced by the finding of over 100 Wolbachia-WkQ DNA fragments 
during the partial sequencing of the O. flexuosa genome (McNulty et al., 2010).
Onchocerca flexuosa is hypothesised to be a basal species within a relatively recent 
genus of filarial nematodes (Krueger et al., 2007). In contrast, ancestral lineages 
within the Filarioidea, such as Setaria and Filaria spp., are thought to have never 
harboured Wolbachia (Bain et al., 2008). It is also hypothesized that Wolbachia was 
acquired within the lineages leading to filariae harbouring the type C and D 
supergroups, which includes all nodule-forming Onchocerca spp., with the exception 
of O. flexuosa (Ferri et al., 2011). Interestingly, in the F supergroup (the only group 
to span arthropods and filariae), there is some evidence of secondary acquisition and 
recent capture of Wolbachia via lateral transfer (Ferri et al., 2011). Thus, the bear 
Ursus thibetanus can be co-infected with two species of filariae harbouring 
supergroup-F Wolbachia: Mansonella akitensis (a member of a genus in which 
Wolbachia infection is common), and Cercopithifilaria japonica (the only known 
Cercopithifilaria spp. infected with Wolbachia).
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The apparent loss of Wolbachia over time by O. flexuosa suggests that “obligatory” 
symbioses within the Filarioidea may only represent the current status quo in some 
species. Furthermore, the recent discovery of the “patchy” distribution of Wolbachia, 
not only between species, but between individual worms within a species {e.g., in O. 
sazukii), strengthens this hypothesis (Ferri et al., 2011). In light of this new evidence, 
a role as a defensive mutualist would possibly be a more appropriate description for 
Wolbachia of filariae. In the case of O, flexuosa, Wolbachia may have been lost 
before the establishment of any mutually dependent symbiosis (Ferri et al., 2011).
Thus, it seems that Wolbachia may co-evolve with its host by conferring relatively 
minor fitness advantages such as additional nutritional or immune evasion strategies, 
which are advantageous to the filarial host but not essential for filarial survival. 
Reciprocally, it would seem that the filarial host may either adopt these co- 
evolutionary advantages and eventually become dependent upon them, or perhaps 
instead develop (or retain) alternative methods of survival. The latter may have 
occurred with O. flexuosa, since its suggested lifespan (Plenge-Bonig et al, 1995) is 
similar to the time taken to reach sexual maturity in other nodule-forming filariae 
(Duke, 1993), and thus it may have adopted an accelerated maturation and 
reproductive cycle. Hence, while O. ochengi and O. volvulus survive for upwards of 
ten years within their mammalian hosts, O. flexuosa is purported to live for 
approximately one year (Plenge-Bonig et al, 1995).
The results of this study strengthen the hypothesis that, in the confines of the O. 
ochengi onchocercoma, Wolbachia manipulates the local host inflammatory 
response, which in a display of a defensive mutualism, serves to protect the worm 
host. Our findings strongly suggest that Wolbachia mediates protection of its filarial
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host via recruitment of a neutrophilic infiltrate, which protects the worms from a 
classical effector cell response by eosinophils. This immune modulation may be 
specific to the Onchocerca nodule and the sessile female worms therein. However, 
because the bovine O. ochengi model represents the most closely related filarial 
analogue to the human disease, we hypothesise a similar mechanism for O. volvulus. 
This does indeed represent a novel variation of the defensive strategy by Wolbachia, 
adding to an impressive array of phenotypic characteristics that confer manipulative 
effects on a wide array of host species.
10.4. Indications for future studies
Despite the advancement of our genomic knowledge of the bovine (Elsik et al., 
2009), still relatively little is known about key immunological mechanisms 
compared to murine model systems, and reagents may not be available. For example, 
in our cell migration study it was frustrating that bovine eotaxin was commercially 
unavailable, despite its efficacy as a positive control in a previous publication (Vogel 
et al., 2005).
Nevertheless, further cytokine profiling by qRT-PCR could include the analysis of 
ENA-78 and RANTES transcripts to attempt to elucidate their role in the treated and 
untreated nodule. Also of interest is bovine IE-10, which may be pertinent in the 
down-regulation of any Th-1 type response after Wolbachia depletion, although 
published data suggest that in the bovine, IL-10 does not selectively suppress Th-1 
cells (Brown et al., 1994).
Cytokine protein assays of supernatants from bovine granulocyte and macrophage 
cultures following exposure to treated and untreated O. ochengi extracts could help 
to determine their role, and may assist in unveiling cytokine networks between these
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cells. ELISA assays have been developed for bovine IL-10 (Kwong et al., 2002), and 
ELISA kits are available commercially for bovine IL-8, IL-5 (both from Gentaur) 
and eotaxin (Novatein Bio). However, the problems of reproducing the chronicity of 
in vivo events in an in-vitro system are unfortunately unavoidable, and must be taken 
into account. Alternatively, quantification of cytokines ex-vivo could utilise 
immunogold localisation of preformed cytokines ultrastructurally by TEM. 
Immunogold localisation has previously been used to locate TNF-a in human 
eosinophils (Beil et al., 1993) and IL-8 in mast cells (Grutzkau et al., 1997). An 
advantage of this approach is that the cytokines can be localised to specific granule 
locations; but disadvantages include the relative cost, and the limitation of detecting 
only stored, rather than released, cytokines.
Nodule sections could also be stained for the presence of TGF-(3, since in tumours, 
TGF-P has been shown to be responsible for the upregulation of tumor-associated 
“N2” neutrophils, which are purported to produce lower levels of pro inflammatory 
cytokines (Fridlender et al., 2009). A similar neutrophil phenotype may be evident in 
the Onchocerca nodule, as the neutrophils observed are not associated with high 
levels of activity such as necrosis and pus formation.
To advance our in-vitro cell migration assays, recombinant proteins could be tested 
in addition to whole worm homogenates. This would decipher the chemoattractive 
properties of specific filarial or Wolbachia components, and thus may provide a 
clearer picture of the sequence of events in the nodule. To identify any suppressive 
effects between granulocyte subsets, eosinophils could be pre-incubated with 
supernatants from neutrophils previously exposed to O. ochengi or Wolbachia, These
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eosinophils could then be assayed within in-vitro chambers to assess their 
chemotactic response towards worm products, compared to unexposed cells.
To further our understanding of the effects of antibiotics on filariae and the influence 
of Wolbachia, it would be interesting to assess the production and release of E/S 
products in the face of antibiotic treatment and Wolbachia depletion. This would 
build upon the work that has already begun in this field, which determined that the 
immunomodulatory effects of filarial E/S products were abrogated via inhibition of 
their release by ivermectin treatment (Moreno et al., 2010).
Proteomic level analysis of O. ochengi is already underway at the University of 
Liverpool, and the data generated from this will be of enormous value in further 
elucidating some of the filarial interactions with both the bovine immune system and 
with Wolbachia, A whole transcriptome analysis of intact nodules before and after 
treatment would also provide key information on the interplay between Wolbachia, 
the worm and the bovine host under natural conditions and during chemotherapy.
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12. Appendices
12.1. The ‘hide map’ used in the field to record locations of tattooed 
nodules.
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12.4. Nodulectomies:
Upper photographs shows a Gudali cow in left lateral recumbency, wound 
being sutured following nodulectomy. Lower photograph shows a skin 
incision around a nodule pair. ______________________________
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12.6. Ultrastructure of bovine granulocytes.
TEM images of bovine blood neutrophil (a) and eosinophil, (b). Scale 
bars = 1 pm
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dependent variable (copy no.) day fixed factor F d.f. P
16S rRNA 3 drug 27.886 1,21 < 0.001
concentration 1.278 2,21 0.299
interaction 0.120 2,21 0.887
7 drug 13.984 1, 21 0.001
concentration 2.092 2,21 0.148
interaction 1.005 2,21 0.383
ISSrRNA 3 drug 1.844 1,21 0.189
concentration 0.009 2,21 0.991
interaction 0.244 2,21 0.786
7 drug 27.335 1,21 <0.001
concentration 1.721 2, 21 0.203
interaction 0.960 2,21 0.399
16S:18S rRNA ratio 3 drug 36.675 1, 21 <0.001
concentration 0.761 2, 21 0.480
interaction 0.070 2,21 0.933
7 drug 112.421 1,21 <0.001
concentration 0.089 2,21 0.916
interaction 0.104 2,21 0.902
12.7. Results of the general linear models
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12.9. Supporting material: “A worm’s best friend: recruitment of 
neutrophils by Wolbachia confounds eosinophil degranulation 
against the filarial nematode Onchocerca ochengi”
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Onchocerca ochengi, a filarial parasite of cattle, represents the closest relative of the human pathogen. 
Onchocerca volvulus. Both species harbour Wolbachia endosymbionts and are remarkable in that adult 
female worms remain viable but sessile for many years while surrounded by host cells and antibodies. 
The basis of the symbiosis between filariae and Wolbachia is thought to be metabolic, although a role 
for Wolbachia in immune evasion has received little attention. Neutrophils are attracted to Wolbachia, 
but following antibiotic chemotherapy they are replaced by eosinophils that degranulate on the worm 
cuticle. However, it is unclear whether the eosinophils are involved in parasite killing or if they are 
attracted secondarily to dying worms. In this study, cattle infected with Onchocerca ochengi received adul- 
ticidal regimens of oxytetracycline or melarsomine. In contrast to oxytetracycline, melarsomine did not 
directly affect Wolbachia viability. Eosinophil degranulation increased significantly only in the oxytetracy­
cline group; whereas nodular gene expression of bovine neutrophilic chemokines was lowest in this group. 
Moreover, intense eosinophil degranulation was initially associated with worm vitality, not degeneration. 
Taken together, these data offer strong support for the hypothesis that Wolbachia confers longevity on 
O. ochengi through a defensive mutualism, which diverts a potentially lethal effector cell response.
Keywords: onchocerciasis; eosinophilia; filariasis; innate immunity; interleukin-8; GRO
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1. INTRODUCTION
The maternally transmitted a-proteobacterium, Wolbachia, 
infects an estimated two-thirds of all arthropod species [1], 
but it also has a more limited distribution in certain 
parasitic nematodes (die family Onchocercidae, superfam­
ily Filarioidea, order Spirurida [2,3]; and the family 
Pratylenchidae, order Tylenchida [4]). In arthropod 
hosts, it expresses a diverse array of phenotypes from repro­
ductive alterations including cytoplasmic incompatibility, 
male killing and feminisation [5], to mutualistic roles 
such as metabolic provisioning and protection against 
pathogens [6-8].
Filarial nematodes harbouring Wolbachia cause two 
major neglected tropical diseases, lymphatic filariasis (ele­
phantiasis) and onchocerciasis (River Blindness), which 
are responsible for a combined global morbidity of greater 
than 6 million disability-adjusted life-years [9]. The obli­
gate dependency of Wfa/fcac/ha-positive filariae on their
^ Author for correspondence (blml@liv.ac.uk).
Electronic supplementary material is available at http://dx.doi.org/ 
10.1098/rspb.2010.2367 or via http://rspb.royalsocietypublishing.org.
symbiont was demonstrated by prolonged antibiotic treat­
ment of filarial infections in animal models, which led to 
stunting and sterilization [10] or death of adult worms 
[11]. These findings have been successfully translated 
into a treatment for individual patients suffering from 
filarial diseases [12]. Additionally, Wolbachia contributes 
to the clinical presentation of filarial infections, since bac­
terial products released from both living [13] and dead 
[14] worms activate the mammalian innate immune 
system, triggering the release of pro-inflammatory 
mediators.
The complete genome sequence of the Wolbachia strain 
(a/Bm) from the human lymphatic filariid Brugia malayi 
revealed that the bacterium carries the genes required to 
synthesize riboflavin and haem, while its filarial host 
does not [15]. These data reinforced the prevailing per­
spective, initiated by the antibiotic chemotherapy 
experiments, that Wolbachia in filariae are ‘obligate mutu- 
alists’, in contrast with their close cousins in arthropods, 
which could be broadly described as ‘reproductive 
parasites’ [16].
In filarial nematodes, the precise mechanism by which 
Wolbachia depletion leads to adult worm death has not
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>een elucidated. In Onchocerca ochengi, a parasite of cattle 
hat represents the closest relative of the human pathogen 
Onchocerca volvulus [17], prolonged, intermittent anti- 
>iotic regimens are adulticidal [11,18]; whereas short 
ontinuous treatment is not [19]. Moreover, antibiotic 
hemotherapy radically alters the nature of the inflamma- 
ory response around the adult worms [20]. These 
mrasites reside in fibrous nodules (onchocercomata) 
ind can live for a decade, surrounded by a host infiltrate 
hat consists primarily of neutrophils, which are stimu- 
ated by Wolbachia-d<zT\ve.d molecules [21,22]. Following 
ndobacterial clearance by oxytetracycline, the neutrophil 
>opulation gradually recedes and is replaced by an influx 
)f eosinophils [20], the classic effector cell in helminth 
nfections, which are conspicuous by their scarcity in 
intreated onchocercomata. Thus, it is possible that the 
leutrophilic response is not simply an inevitable conse­
quence of the presence of an endobacterium within a 
jarasite of mammals, but instead a sublime example of 
lefensive mutualism, in which the fitness of the worm is 
ncreased by an admixture of immunological signals. We 
ested this hypothesis by comparing the local immune 
espouse to adult O. ochengi treated with either an anti- 
jiotic (oxytetracycline) or a conventional adulticide 
’melarsomine), since if the observed eosinophilia is 
nerely a non-specific response to dead or moribund 
vorms, it should also occur following melarsomine 
hemotherapy.
>. MATERIAL AND METHODS
’a) Animals, field site and chemotherapy 
SIgaoundere Gudali cattle (Bos indicus) naturally infected 
vith O. ochengi (greater than or equal to 30 palpable intra- 
iermal nodules per animal) were purchased from markets 
icross the Adamawa Region of Cameroon and assembled 
it the Instimt de Recherche Agricole pour le Developpement 
TRAD), Regional Centre of Wakwa.
The position of 23 nodules per animal was marked by 
peripheral tattoo and recorded by digital video and on a 
lard-copy ‘hide map’. Using a statistical calculator to gener- 
ite random numbers, 15 cows were allocated to three groups 
pf five through elimination by ear tag number, and one bull 
vas assigned to each group (since sufficient female animals 
vere not available). One group received oxytetracycline 
'OXY; Terramycin LA, Pfizer) at 10 mg kg-1 intravenously, 
laily for 14 days followed by 20 mg kg”1 intramuscularly, 
nonthly for five months; a regimen that kills greater than 
30 per cent of adult worms by 12 months after the start of 
xeatment [19]. One group was treated with melarsomine 
JMEL; Cymelarsan, Merial) solution at 4 mg kg-1 intrave- 
rously, every other day for 3 days, which has been 
lemonstrated to be 100 per cent adulticidal [23]. This 
irug kills the majority of worms by 20 weeks, although 
some nodules containing fragments of degenerated parasites 
nay persist for several years after treatment [18]. The third 
jroup of animals served as untreated controls (CON). 
Modules were excised under local anaesthesia at nine pre­
determined time-points, and the sequence of nodulectomies 
vas randomized (as for group allocation) with regard to their 
position on the animal. At every time-point, one nodule per 
inimal was fixed by injection with 10 per cent neutral-buf­
fered formalin, and another was preserved by injection with 
RNA/ater (Sigma) and stored at — 20°C. A third nodule
was removed at every other time-point and fixed by injection 
with 5 per cent ghitaraldehyde in 75 mM sodium cacodylate 
buffer, pH 7.4 and stored at 4°C.
(b) Histopathology of the bovine cellular response 
Paraffin-embedded, formalin-fixed nodules were cut into 
4 (xm sections. For quantitative histopathological analysis 
(performed by an individual ‘blinded’ to treatment group), 
the sections were stained with Giemsa and digital images of 
the entire nodule at 20 x magnification were obtained on 
an Eclipse 80i microscope (Nikon UK, Kingston-upon- 
Thames) using a DS-U1 camera control unit and 
NIS-Elements Basic Research 3.0 software. The diameter 
and area of each nodule were calculated; and granulocytes 
within a continuous transect of the nodule midsection were 
differentiated by eye at 200 x [20], digitally tagged as neutro­
phils or eosinophils, and quantified within an overlaid grid. 
Counts were normalized to cells per square-millimetre. 
Degranulating eosinophils (DE) were semi-quantified on a 
four-point scale as number per worm section (0 = 0, 
1 = <1, 2 = 1—10, 3 = >10) within each transect.
(c) Spatial distribution of eosinophil degranulation in 
relation to worm integrity
In all nodules from 8, 12 and 24 weeks post-treatment (wpt) 
containing DE, the spatial distribution of eosinophil clusters 
containing greater than 10 cells was analysed in relation to 
the presence, proximity and integrity of worm sections by 
light microscopy. Three concentric zones around each 
eosinophil cluster were defined as: 0 = <50 |xm; 1 = >50, 
<100 jim; and 2 = > 100, < 150 pm. The structural integrity 
and reproductive status of the worm sections were scored 
according to a simplified version of the form proposed by 
Striebel [24], using categories presented in table 1.
Wolbachia were localized in worm sections by immuno- 
histochemistry using a polyclonal antibody against 
Wblbachia surface protein (kindly donated by M. Casiraghi, 
University of Milan), as previously described [19]. Glutaral- 
dehyde-fixed nodules were prepared for electron microscopy 
as detailed previously [19], and micrographs were obtained 
on an H-7100 transmission electron microscope (Hitachi 
High Technologies, Krefeld, Germany) fitted with a charge- 
coupled device camera (Hamamatsu, Massy, France) and a 
digital image acquisition software (Advanced Microscopy 
Techniques, Danvers, MA, USA). Bovine neutrophils and 
eosinophils were differentiated according to ultrastructural 
characteristics (see the electronic supplementary material, 
appendix Si, for details).
(d) Analysis of gene expression following drug 
treatment in vitro and in vivo
Aedes albopictus mosquito cells naturally infected with 
Wolbachia (cell-line Aa23) were cultured in 25 cm2 flasks as 
previously described [25]. The cells were treated in quadru­
plicate for 3 or 7 days without treatment, or with 
melarsomine dihydrochloride (generously donated by 
C. Marcato, Merial, Toulouse) or doxycycline hyclate 
(Fluka) at three concentrations. The highest concentration 
applied (0.25 [xgml”1) represented the minimal bactericidal 
concentration for doxycycline against Wolbachia [26], The 
viability of Wolbachia and host cell physiology was deter­
mined by quantitative reverse-transcriptase (qRT)-PCR, 
using assays for Wolbachia 16S rRNA and A. albopictus 18S 
rRNA as detailed elsewhere [25].
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Table 1. Associations between presence and integrity of O. ochengi adult worm sections in bovine nodules and degranulating 
eosinophil (DE) score at eight weeks post-treatment. (Bold type indicates statistical significance. The associations between 
degranulation and worm integrity were positive in all cases; i.e. DE scores were moderate and/or high where the sections 
exhibited normal structure. Sample sizes varied between analyses because only worm sections that could be scored 
unambiguously for each characteristic were included. Zone boundaries were measured in micrometres.)
observation scoring system
value of 
.Y2 or rs n
association with 
DE score, p
presence of worm absent = 0; present = 1 9.319° 135 0.020
proximity to worm 
(if present)
zone 0: <50; zone 1: >50, <100; 
zone 2: >100, <150
—0.334b 120 <0.001
genital tract integrity damaged wall = 0; smooth wall = 1 (normal) 14.745° 43 <0.001
cuticle integrity broken = 0; rough = 1; smooth — 2 (normal) 0.228b 115 0.014
hypodermal integrity vacuolated = 0; thin = 1 (normal) 9.993° 111 0,011
reproductive status non-productive = 0; productive = 1 (normal) 7.301° 109 0.026
intrauterine microfilariae none = 0; present, damaged = 1; present, 
normal = 2
0.089b 113 0.350
“Fisher’s exact test. 
bSpearman’s p.
For gene expression analysis in nodules preserved in 
RNA/afer, the tissue was cut into pieces of 1 -2 mm3 and 
homogenized at IRAD in Lysis-Binding Solution from an 
RNAqueous-Midi Kit (Ambion), using a T10 basic Ultra- 
Turrax disperser (IKA, Staufen, Germany) with an 8 mm 
dispersing element. The homogenates were stored at 
— 80°C and shipped to the UK on dry ice, where the remain­
der of the kit manufacturer’s protocol was followed. Total 
RNA was further purified by lithium chloride precipitation, 
dissolved in 0.1 mM ethylene diamine tetra-acetic acid, and 
quantified on a Nanodrop-1000 spectrophotometer 
(Thermo Fisher Scientific, Wilmington, DE, USA). If 
necessary, the RNA was concentrated in a Nanosep Omega 
30K centrifugal device (Pall Life Sciences); and 1 (xg was 
reverse-transcribed and assayed for Wolbachia, O. ochengi, 
and bovine transcripts using SYBR Green I (SensiMix 
Two-Step Kit, Quantace) on a MiniOpticon Real-Time 
PCR Detection System (Bio-Rad, Kernel Hempstead). For 
further details of qRT-PCR assay design, see the electronic 
supplementary material, appendix S2.
(e) Statistical analysis
Two cows (one each in the CON and MEL groups) died 
from causes unrelated to this study before the experiment 
was completed, and data from these animals were excluded 
from the statistical analyses. After normalization by log trans­
formation, independent gene expression data were analysed 
using univariate general linear model (GLM), whereas equiv­
alent data from related samples were subjected to GLM 
repeated measures. The Friedman test (with exact signifi­
cance) was applied to time-course data in the 
histopathological analyses. Since onchocercomata resolve 
after worm death, nodules could not be obtained from all 
pre-determined sites at later time-points. Therefore, data 
from 24 to 36 wpt, and 48 to 54 wpt, were collapsed into 
one category each in the Friedman analysis, incorporating 
mean values where more than one sample per animal was 
available. To test for associations or correlations between 
DE score and worm status, Fisher’s exact test (for two cat­
egories) or Spearman’s p (for three categories) was used, 
respectively. All analyses were performed in PASW 
Statistics 17.0 (SPSS Inc., Chicago, IL, USA), applying a
critical probability of p < 0.05. For full details of GLM 
design and post hoc analyses, see the electronic supplementary 
material, appendix S3.
3. RESULTS
(a) Effect of melarsomine on Wolbachia in vitro 
The results from treatment of the Aa23 cell-line demon­
strated that conversely to doxycycline, melarsomine 
preferentially targets eukaryotic cells and it exhibits no 
inhibitory or bactericidal activity against Wolbachia (see 
the electronic supplementary material, appendix S4 for 
details).
(b) Effects of treatments on nodule histopathology 
Quantitative analysis revealed striking differences in the 
nodular eosinophil: neutrophil ratio between treatment 
groups (figure la). In the CON group, neutrophils 
vastly outnumbered eosinophils (overall median ratio = 
0.004) and there was no significant change in the compo­
sition of the granulocytic infiltrate over time (Friedman 
test: x2 — 5-b, p — 0,507). A modest increase in the eosi­
nophil : neutrophil ratio was observed in the MEL group, 
culminating in a shift towards eosinophilia in resolving 
nodules at the termination of the experiment, although 
this was not statistically significant (figure la; Friedman 
test: x2 ~ 6.0, p = 0.473). However, there was a much 
larger and sustained expansion of the nodular eosinophil 
population in the OXY group, which peaked in a statisti­
cally significant, 275-fold increase in the median 
eosinophil: neutrophil ratio by 36 wpt (figure la; Fried­
man test: ^2=19.3, p< 0.001). Median nodule area 
gradually reduced during both adulticidal treatments 
(figure 2b) as the worms were eliminated and this was 
statistically significant in the MEL group (Friedman 
test: iY2= 11.1, ^>= 0.012), although only a non-signifi­
cant trend was apparent in the OXY group (Friedman 
test: x2 — 10.3, p — 0.096). When DE adjacent to worm 
sections were analysed separately on a semi-quantitative 
scale, a clear distinction between the MEL and OXY 
treatment groups was observed (figure 1c). In the MEL 
group (in common with the CON group), the median
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Figure 1. Bovine granulocyte responses in O. ochengi onchocercomata following (a(iii), 6(iii), c(iii)) oxytetracycline (n = 6) or 
a(ii), 6(ii), c(ii)) melarsomine chemotherapy (n = 5), or (a(i), b(i), c(i)) in the absence of treatment (« = 5). (a) Eosinophil: 
leutrophil ratios (median and range). The horizontal dotted line represents parity between the two cell types, (b) Nodule sec- 
ion area (median and range), (c) Degranulating eosinophil scores per worm section (where 0 = 0, 1 =<1, 2=1-10, 
3 = >10). The shaded area represents the region bounded by the median and maximum scores.
score did not exceed 1 throughout the experiment, and no 
significant change over time was detected (Friedman test, 
MEL: x2 = 4.9, p = 0.605; CON: ^ = 3.9, p = 0.755). 
By contrast, there was a marked, statistically significant 
3eak in DE in the OXY group at 12 wpt (figure 1c; Fried- 
nan test: x2 = 1L9, /> = 0.042) and the maximum score 
}f 3 (greater than 10 DE per worm section) was only 
recorded herein.
The spatial distribution of granulocytic infiltration was 
investigated during the period of maximum divergence in 
DE activity between treatment groups (12 wpt). Oncho­
cercomata from CON animals exhibited neutrophilic 
infiltrates in close proximity to the cuticle of the adult 
worms (figure 2a), whereas eosinophils were extremely 
scarce and located near the outer capsule. Extensive 
Splendore-Hoeppli phenomena were common around
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Figure 2. Histopathology of O. ochengi onchocercomata at 12 weeks, (a) Untreated onchocercoma with typical accumulations 
of neutrophils (open arrowheads) and Splendore-Hoeppli (SH) deposits (yellow arrows) on the worm cuticle. A cross section of 
an adult female worm shows the hypodermis (closed arrowhead) and microfilariae (black arrows) in the paired uteri, (fc) A 
nodule from the melarsomine (MEL) group, displaying abundant neutrophils (open arrowheads) between the cuticles of 
three worm sections (black arrows), (c) A MEL-treated nodule with eosinophils (open arrowheads) and degranulating eosino­
phils (DE; closed arrowhead) some distance from a worm section. The worm has accumulated SH deposits (yellow arrow) and 
the uteri are empty (black arrows), (d) A nodule from the oxytetracycline (OXY) group shows numerous DE clusters (open 
arrowheads) around the cuticle, SH phenomenon (yellow arrow) and empty uteri (black arrows), (e) A higher power image 
from an OXY-treated nodule reveals DE and free granules (open arrowheads) in contact with the worm cuticle (black 
arrow) overlaying the hypodermis (closed arrowhead). (/) Phase-contrast image of a section from an OXY-treated nodule 
displaying eosinophil granules (open arrowheads) embedded in SH deposits (yellow arrow); filarial nuclei are also visible in 
the hypodermis (closed arrowheads). All sections were stained with Giemsa. Scale bars: (a—d) 20 pm; (ef) 10 pm.
female worms (figure 2a). In the MEL group, neutrophils 
remained abundant between worm sections (figure 26); 
although a modest increase in eosinophils was observed 
near to some female worms (figure 2c). However, eosino­
phils were very rarely in contact with the worm cuticle in 
the MEL group and degranulation was infrequent, 
usually occurring distally to worm sections (figure 2c). 
In marked contrast, eosinophils accumulated in layers 
around the worm cuticle in the OXY group, while neutro­
phils had become scarce (figure 2d). Furthermore, the 
majority of eosinophils surrounding the worms in the 
OXY group were undergoing degranulation (figure 2d). 
At higher magnification, clusters of eosinophil granules
could be observed in direct contact with the epicuticle 
(figure 2c) or embedded within the Splendore-Hoeppli 
deposits adjacent to the cuticle (figure 2/).
(c) Analysis of factors associated voith eosinophil 
degranulation
To investigate the factors that may trigger eosinophil 
degranulation, nodules that exhibited DE in the transect 
analysis at 8, 12 or 24 wpt were carefully inspected to 
locate all clusters of greater than 10 eosinophils in toto. 
One-hundred-and-forty such clusters were identified, 
89 per cent of which were in OXY-treated onchocercomata.
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Figure 3. Ultrastructure of O. ochengi onchocercomata at 12 weeks, (a) Hypodermis of an untreated worm showing abundant 
VCblbachia endosymbionts (W). (6) The cuticle (C) of an untreated worm displaying normal structure, alongside an adherent 
leutrophil (N) surrounded by numerous extracellular granules (EG), (c) A worm section from the melarsomine (MEL) group 
iisplaying intact VCblbachia (W) beneath the hypodermal lamellae (HL) and the cuticle (C). (d) Eosinophils (E) attached to 
Splendore-Hoeppli deposits (SH) on the cuticle (C) of a worm from the MEL group, (e) The pseudopodium (P) of a degra- 
rulating eosinophil (DE) entering a cleft in the cuticle (C) of an oxytetracycline (OXY)-treated worm. (/) Two eosinophils (E) 
idjacent to the paired uteri (U) within the pseudocoelomic cavity of a worm from the OXY group; eosinophils are also visible 
m the host side of the cuticular (C) interface. Note the highly vacuolated hypodermis. Scale bars: (a-e) 2 pm; (/)10 pm.
\t 8 wpt, the DE score for these clusters showed a weak 
Dut statistically significant negative correlation with neu- 
Tophil counts (Spearman’s p: rs=—0.259, «=135, 
>= 0.002). At the same time-point, there was a statisti­
cally significant association (Fisher’s exact test) between 
lie DE score and the presence of worm sections in the 
nicroscopic field, and a significant positive correlation 
^Spearman’s p) between the DE score and the proximity 
if worm sections (table 1). Moreover, there were statisti­
cally significant positive associations or correlations 
between the DE score and normal morphological features 
n the worm sections (smooth genital tract and cuticle, 
liin hypodermal cords and productive gonads), although 
lot with intrauterine microfilariae per se (table 1). At 12 
md 24 wpt, there were no significant associations 
oetween the DE score and these measures of morphologi­
cal integrity. This was probably because less than 10 per 
cent of worm sections had a normal appearance at these 
ime-points, producing extremely low expected 
requencies in the analyses.
'd) Effects of treatments on worm ultrastructure 
tn worm sections from the CON group at 12 wpt, 
Wblbachia endobacteria were extremely abundant in the 
lypodermis (figure 3a). Neutrophils adjacent to the 
cuticle were frequently observed undergoing
degranulation in the CON group, although this did not 
cause any discernible damage (figure 36). In the MEL 
group, Wblbachia remained at high densities in the hypo­
dermal cords (figure 3c) in worms that were not in the 
advanced stages of resorption. Eosinophils were occasion­
ally seen close to the cuticle, but degranulation was very 
infrequent and the outer layers of the cuticle remained 
unmodified (figure 3d). By contrast, the ultrastructure 
of nodules in the OXY group at 12 wpt revealed unique 
alterations. Eosinophil degranulation in direct contact 
with the worm cuticle was common and associated with 
pronounced deformation of the outer cuticular layers 
(figure 3c). Furthermore, parasite integrity was clearly 
compromised, as eosinophils could be observed free 
within the body cavity of the worms (figure 3/).
(e) Effects of treatments on gene expression in 
onchocercomata
To determine the relative effect of MEL or OXY che­
motherapy on the viability of O. ochengi and Wolbachia 
between 8 and 24 wpt, RNA transcripts of glutathione 
5-transferase la (OoGSTla) were quantified from the 
former and 16S rRNA from the latter, and the ratio was 
calculated. Since nodules vary in worm content, the 
ratio between the expression levels of two genes is likely 
to be more informative than the absolute counts for
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either transcript alone. Both treatments showed a non­
significant trend towards reduction in expression of 
OoGSTla over this time period, which approached the 
critical probability only in the MEL group (GLM 
repeated measures, Tamhane’s T2 post hoc test, MEL 
versus CON: mean difference =—2.3 log, /> = 0.069; 
see the electronic supplementary material, appendix S5, 
for data and additional details of the analysis). However, 
for 16S rRNA, both treatments induced a significant 
decrease in transcript counts relative to the CON group, 
although this was more substantial in the OXY group 
(see the electronic supplementary material, appendix S5; 
GLM repeated measures, Tukey’s post hoc test, MEL 
versus CON: mean difference =—2.1 log, p = 0.016; 
OXY versus CON: mean difference =—3.1 log, p — 
0.001). Importantly, the 16S rRNA: OoGSTla ratio was 
significantly reduced relative to the CON group only in 
OXY-treated nodules (see the electronic supplementary 
material, appendix S5; Tamhane’s T2 test: mean 
difference = — 2.1 log, p < 0.001); and furthermore, this 
ratio was significandy lower in the OXY group than in 
the MEL group (Tamhane’s T2 test: mean 
difference = —2.4 log, p < 0.001). These data were corro­
borated by immunohistochemistry for Wblbachia surface 
protein in worm sections from 12wpt, which showed 
retention of VCblbachia in worms that had not yet disinte­
grated after the MEL treatment; whereas staining in 
worms from the OXY group was weak or negative (see 
the electronic supplementary material, appendix S6).
To assess local cellular immune responses to different 
treatments in the bovine host, transcripts for key cyto­
kines involved in the activation and chemotaxis of 
neutrophils (interleukin-8 (IL-8) and growth-regulated 
(GRO) family) and eosinophils (IL-5 and eotaxin) were 
quantified between 8 and 24 wpt. In the OXY group, 
the IL-8 :28S rRNA ratio was significantly lower than 
that observed in the CON group (figure 4a; GLM 
repeated measures, Tukey’s post hoc test: mean 
difference = — 1.0 log, p = 0.010; see the electronic sup­
plementary material, appendix S4, for additional 
statistical details); whereas in the MEL group, IL-8 
levels were not significandy different to those in CON 
nodules (Tukey’s test: mean difference = -0.7 log, p = 
0.107). Similarly, the GRO : 28S rRNA ratio was signifi­
cantly reduced in the OXY group relative to CON levels 
(figure 46; GLM repeated measures, Tukey’s post hoc 
test: mean difference =—0.7 log, p= 0.044), but not 
between the MEL and CON groups (Tukey’s post hoc 
test: mean difference = —0.4 log, p = 0.296). However, 
neither treatment had a significant effect on the 
expression of IL-5 (GLM repeated measures, Tukey’s 
post hoc test, MEL versus CON: mean difference = 
0.09 log, /> = 0.918; OXY versus CON: mean 
difference = —0.03 log, /> = 0.991; data not shown) or 
eotaxin genes (GLM repeated measures, Tukey’s post 
hoc test, MEL versus CON: mean difference = — 0.5 log, 
/> = 0.641; OXY versus CON: mean difference = —0.3 
log, p — 0.814; data not shown).
4. DISCUSSION
A role for the immune system in the mechanism of action 
of antibiotics against adult Onchocerca spp. was first ident­
ified in a sequential study of cellular changes in O. ochengi
5 10 15 20 25
time post-treatment (weeks)
Figure 4. Quantification of bovine transcripts (normalized 
against 28S rRNA) for the neutrophilic chemokines (a) inter­
leukin-8 (IL-8) and (6) the growth-regulated (GRO) 
protein family in onchocercomata treated with oxytetracy- 
cline (n = 6) or melarsomine (w = 5), or in the absence of 
treatment («= 5). lines represent the mean + s.e. 
(a,6) Dotted line, control; dashed line, melarsomine; solid 
line, oxytetracycline.
onchocercomata treated with different regimens of oxyte- 
tracycline [20]. Eosinophils were implicated in worm 
killing because a relatively short, non-adulticidal anti­
biotic regimen caused a transient depletion of Wolbachia 
and a partial transition in the nodule towards eosinophi- 
lia. This was reversed when the endosymbionts 
recrudesced, leading to restoration of the neutrophil 
population and survival of the adult worms. However, 
without a concurrent comparison with non-antibiotic 
chemotherapy, the possibility that the observed eosino- 
philia was simply a secondary response to worm 
morbidity could not be excluded. In the present study, 
we rigorously evaluated the effects of an arsenical com­
pound, melarsomine, on Wolbachia to confirm that it 
had no direct bacteriostatic or bactericidal activity and 
thus could serve as a control adulticide. Data obtained
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rom in vitro treatment of the Aa23 cell-line demonstrated 
10 deleterious effects of melarsomine on the endobacteria 
ind this was corroborated by ex vivo analyses of Wolbachia 
n onchocercomata, where any reduction in endosym- 
>iont density was secondary to disruption of worm 
ntegrity.
Oxycetracycline treatment elicited a relatively early infil- 
:ration of eosinophils and extensive degranulation on the 
vorms surface that (coupled with striking ultrastructural 
ibnormalities at 12wpt) are strongly indicative of 
mmune-mediated damage. Importantly, during the initial 
vave of eosinophil degranulation at 8wpt, these cells 
exhibited their most intense activity against morphologi- 
;ally normal, reproductively active worms, with lower 
evels of degranulation observed against parasites that 
ilready showed pathological signs. This suggests that mor- 
bund worms do not trigger eosinophil degranulation in 
his system, but rather that the decrease in Wolbachia den- 
iity in viable worms is detected by the mammalian host, 
vhich responds with an intense but temporally restricted 
nflux of DE. By 12wpt, this response had reached an 
icme, with the worms exhibiting damage that was almost 
:ertainly irreversible. However, the precise sequence of 
:vents leading to the penetration of eosinophils into the 
)seudocoelomic cavity was not clear, as we never observed 
complete rupture of the cuticle in OXY-treated worms at 
his time-point. It is perhaps more probable that following 
mmune-mediated alterations around apertures such as the 
oilva, the cells were able to diapedese internally.
Although one study has reported that doxycycline has 
dgnificant anti-filarial activity against adult Onchocerca 
lituurosa worms cultured in vitro [27], these effects were 
>nly observed at a concentration of 100 times greater 
han the minimum bactericidal concentration against 
Wolbachia as determined in the Aa23 cell-line [26]; more- 
iver, oxytetracycline had no detectable activity against 
D. gutturosa in vitro [27]. Thus, the immune system is 
irobably required for optimal activity of antibiotics 
igainst adult Onchocerca spp. By contrast, we found no 
;vidence for immunologically mediated damage following 
nelarsomine treatment, and the very late onset eosino- 
ihilia in resolving nodules and the limited degranulation 
>bserved in this treatment group are more consistent 
vith a role for these cells in clearance of worm fragments 
md in wound healing. Indeed, this process was also 
tpparent in the latter stages following oxytetracycline che- 
notherapy (i.e. from 36 wpt), where eosinophil 
nfiltration, associated with much lower levels of degranu- 
ation, continued to increase in parallel with a trend 
owards reduced nodule size.
Three lines of evidence support the hypothesis that the 
Wolbachia-induced neutrophilia in untreated onchocerco- 
nata protects adult worms from eosinophil 
legranulation. First, transcripts for bovine chemokines 
hat are known to recruit neutrophils were significantly 
lownregulated in the OXY group but not the MEL 
;roup, suggesting that in the absence of neutrophilic sig- 
lals released directly or indirectly by Wolbachia, worms 
ittract eosinophils by ‘default’. Second, at the critical 
ime-point of 8 wpt, eosinophil degranulation was inver- 
iely correlated with neutrophil cotmts. Third, as 
iiscussed above, recrudescence of Wolbachia can reconsti- 
ute the neutrophilia and ‘rescue’ the worms during the 
:arly stages of eosinophil infiltration [20].
This manipulation of the local inflammatory response 
by Wolbachia represents a defensive mutualism that is 
related to, but distinct from, the protection against patho­
gens that it confers in arthropod hosts such as Drosophila 
nielanogaster [6,8]. Indeed, in filarial worms, the host of 
the symbiont is itself a pathogen, and the external threat 
from which it requires defence is the immune system of 
a third organism. Closer parallels in arthropod hosts 
have been recently identified in two insect pests of 
plants. The leaf-mining moth Phyllonorycter blancardella, 
which appears to use Wolbachia to manipulate cytokinin 
levels in die leaves of apple trees, maintains ‘green islands’ 
in otherwise senescent leaves that facilitate the nutrition 
of the larval stages [28]. Furthermore, larvae of the 
beetle Diabrotica virgifera virgifem, a root pest of maize, 
can downregulate immune defence genes in the host 
plant when infected with Wolbachia, but loses this capacity 
after antibiotic treatment [29].
Since filariae have several life cycle stages and 
dimorphic sexes that reside in different anatomical com­
partments in both vertebrate and arthropod hosts, it is 
probable that the role of Wtlbachia is modulated during 
the worm development, as has been observed in the 
mutualism between the entomopathogenic nematodes 
Heterorhabditis spp. and Steinernema spp. and their enter­
obacterial symbionts [30]. Haem biosynthesis can be 
plausibly linked to the production of ecdysteroid-like hor­
mones that may regulate filarial moulting and 
embryogenesis, providing a mechanism by which the anti­
biotic therapy induces embryostasis and retarded larval 
development [15]. However, these processes fall short 
of adulticidal effects, and do not provide an explanation 
for the role (if any) of Wolbachia in adult male worms. 
The ‘patchy’ distribution of Wolbachia among filariae 
(some genera with almost all members infected; other 
genera with only one member infected [2]) strongly 
implies that Wolbachia may confer a relatively minor 
evolutionary advantage during the initial contact with a 
population of new hosts, such as additional nutrients 
during periods of resource stress [31], or an immune 
evasion strategy that complements the numerous mech­
anisms already available to the worms. The perhaps 
unparalleled success of Wolbachia as a symbiont may 
hinge on its ability to foster dependency by driving the 
loss of related functions from the nuclear genome of 
the host.
In this respect, the only known member of the genus 
Onchocerca that lacks Wolbachia, Onchocerca flexuosa, pro­
vides the exception that proves the rule. Partial 
sequencing of the nuclear genome of this species has 
demonstrated that it harboured an ancestral symbiont, 
as it contains over 100 Wolbachia DNA fragments [32]. 
Unlike O. ochengi and O. volvulus, which establish remark­
ably persistent infections, O. flexuosa has a lifespan 
estimated at only 1 year [33], with eosinophils constitut­
ing a prominent component [34] of the onchocercomata 
in its cervine host. Since Q ochengi and O. volvulus take 
almost a full year to develop patent infections, O. flexuosa 
appears to have adopted an alternative reproductive strat­
egy following loss of Wolbachia, in which it may have 
accelerated its development to sexual maturity to avoid 
elimination by eosinophils. By contrast, the fact that 
adult female worms of O. ochengi and O. volvidus can 
reproduce continuously for a decade, while in an almost
R, Soc. B
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entirely sessile state in immunocompetent hosts, contends 
as yet another fascinating example of evolutionary 
innovation in Wolbachia.
All procedures performed on cattle in Cameroon were 
equivalent to those previously authorized by a Home Office 
Project Licence (Animals (Scientific Procedures) Act 1986) 
for experimental infections of cattle in the UK, and 
classified under the severity limit of ‘mild5.
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